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Introduction: 


Neurofibromatosis  type  II  (NF2)  results  from  mutation  in  the  tumor  suppressor  gene, 
merlin,  leading  to  the  development  of  multiple  intracranial  and  spinal  tumors  including 
schwannomas.  Schwann  cells  (SCs)  of  the  vestibular  nerve  are  most  commonly  affected 
and  bilateral  vestibular  schwannomas  (VSs)  is  a  hallmark  of  NF2.  We  have  begun 
exploring  factors  that  contribute  to  VS  growth.  We  find  that  the  ErbB2  receptor  tyrosine 
kinases  is  active  in  VS  cells  and  drives  proliferation.  Our  overall  hypothesis  is  that 
defects  in  merlin  lead  to  constitutive  ErbB2  activation  at  the  cell  membrane  and  that 
inhibition  ofErbB2  will  reduce  the  survival  of  VS  cells  and  potentiate  the  effects  of 
radiation  on  VSs.  Our  object  is  to  test  this  hypothesis  using  cultured  primary  human  VS 
cells. 
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Body: 


During  the  second  year  of  the  award  we  have  made  substantial  progress  in  achieving  the  aims  of 
the  proposal.  Below  we  discuss  the  progress  for  each  aim  of  the  proposal. 

Specific  aim  1.  Determine  the  ability  of  merlin  to  regulate  ErbB2  localization  and  activity 
in  vestibular  schwannoma  (VS)  cells.  We  initially  focused  on  correlating  the  status  of  merlin 
phosphorylation  with  ErbB2  trafficking  in 
normal  Schwann  cells  (SCs).  First,  we 
determined  that  the  trafficking  of  ErbB2 
into  lipid  rafts  in  SCs  correlates  with  loss 
of  axonal  contact,  phosphorylation  of 
merlin  on  Serine  518,  and  proliferation 
(Figs.  1  and  2).  Thus,  phosphorylation  of 
merlin  on  Serine  518  (S518),  which 
inhibits  its  growth  suppressive  function,  is 
correlated  with  the  movement  of  ErbB2 
into  lipid  rafts  in  the  cell  membrane.  We 
also  found  that  ErbB2  constitutively 
resides  in  lipid  rafts  in  human  VS  cells 
that  lack  functional  merlin.1  In  the  coming 
year  we  will  use  cultured  VS  cells  to 
determine  the  extent  to  which  replacement 
of  merlin  in  human  vestibular 
schwannoma  cells  regulates  the  trafficking 
of  ErbB2  within  the  cell  membrane. 

Specific  aim  2.  Determine  whether  phosphorylation  of  merlin 
on  serine  518  (S518)  by  protein  kinase  A  (PKA)  inhibits 
merlin’s  ability  to  regulate  ErbB2  trafficking  and  suppress 
VS  cell  proliferation.  We  first  demonstrated  that  activation  of 
protein  kinase  A  (PKA)  with  forskolin  (FSK  5  pM)  leads  to 
merlin  S518  phosphorylation  in  rat  SCs  (Fig.  3)  and  that  this 
correlates  with  proliferation  and  with  movement  of  ErbB2  to  the 
cell  membrane  (see  above).  Furthermore,  we  found  that 
treatment  of  sectioned  sciatic  nerves  with  the  PKA  inhibitor, 

KT5720,  reduces  merlin  phosphorylation  following  axotomy, 
verifying  that  PKA  phosphorylates  merlin  in  proliferating  SCs  in 
vivo.  In  the  coming  year,  we  will  return  to  cultured  VS  cells  to 
directly  test  the  role  of  S5 1 8  phosphorylation  by  PKA  in 
regulating  ErbB2  trafficking  and  VS  proliferation. 
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Figure  2.  ErbB2  moves  into  the 
Triton-X-100  insoluble  (lipid 
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Figure  1.  A.  Immunoblots  of  contralateral  nerve  (CL), 
proximal  (P)  and  distal  (D)  segments  of  the  rat  sciatic 
nerve  4  and  7  days  post-axotomy  (PA)  probed  with 
anti-merlin  S518  phosphorylation  (p-merlin)  and  non- 
phosphospecific  merlin  antibodies.  B.  Immunostaining 
of  frozen  sections  from  contralateral  and  distal  nerve 
segments  with  anti-pmerlin  (green)  and  anti¬ 
neurofilament  200  (NF200,  red)  antibodies. 
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Specific  aim  3.  Determine  whether  ErbB2  inhibitors 
potentiate  the  ability  of  radiation  therapy  (RT)  to  induce 
VS  apoptosis  and  reduce  proliferation.  We  have  been  able 
to  perform  radiation  experiments  on  several  cultured  human 
VS  specimens.  We  demonstrate  that  doses  of  >30  Gy  are 
required  to  limit  VS  cell  proliferation  and  that  doses  >40  Gy 
are  required  to  induce  apoptosis.  We  found  that  sublethal 
doses  of  radiation  (10  Gy)  induce  DNA  damage  in  VS  cells, 
evidenced  by  histone  2AX  phosphorylation,  implying  that 
VS  cells  possess  intrinsic  mechanisms  to  repair  radiation 
induced  DNA  damage  without  undergoing  apoptosis.  Furthermore,  we  show  that  inhibition  of 
ErbB2,  which  reduces  VS  cell  proliferation,  protects  VS  cells  against  radiation  induced  cell 
death.  Conversely,  activation  of  ErbB2  by  treatment  with  neuregulin,  which  promotes  VS  cell 
proliferation,  increases  the  radiosensitivity  of  human  VS  cells.  These  results  imply  that  (1)  VS 
are  radioresistant  relative  to  most  neoplasms,  (2)  the  radiosensitivity  of  human  VS  cells  depends 
on  proliferative  status,  and  (3)  ErbB2  signaling  sensitizes  VS  cells  to  radiation  by  promoting 
proliferation.  This  work  is  now  published.  Thus,  we  have  been  able  to  make  substantial  progress 
on  the  proposed  experiments  in  this  aim.  To  extend  these  observations,  we  have  examined  the 
effects  of  merlin-sensitive  downstream  kinases,  MEK,  Akt,  and  c-Jun  N-terminal  kinase  (JNK) 
on  VS  cell  proliferation,  apoptosis  and  radiosensitivity.  We  find  that  JNK  is  active  in  VS  cells 
and  promotes  cell  proliferation  and  survival  by  limiting  the  accumulation  of  reactive  oxygen 
species  (Figs.  4-8).  Further,  JNK  confers  a  radioprotective  effect  on  VS  cells  evidenced  by 
increased  apoptosis  in  VS  cultures  treated  concurrently  with  y-irradiation  and  JNK  inhibitors, 
SP600125  or  I-JIP  (Fig.  9).  Finally,  we  have  found  that  ErbB2  inhibitors  reduce  the  growth  of 
VS  xenografts  in  nude  mice,  demonstrating  the  therapeutic  relevance  and  potential  of  these 
investigations.3 
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Figure  3.  Treatment  of  cultured 
rat  sciatic  nerve  Schwann  cells 
with  forskolin  (FSK,  5  pM) 
increases  merlin  S518 
phosphorylation  relative  to 
control  (CON)  cultures. 
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GAN  VS  GAN  VS 

Figure  4.  JNK  and  ERK  are  persistently  phosphorylated  in  VSs.  A.  Western 
blots  of  lysates  from  acutely  resected  VS  or  great  auricular  nerve  (GAN)  were 
probed  with  antibodies  specific  for  the  phosphorylated  forms  of  JNK  (pJNK)  and 
ERK  (pERK)  and  then  stripped  and  reprobed  with  non-phospho-specific 
antibodies..  pJNK  and  pERK  levels  in  VS  and  GAN  tissue  compared  to  overall 
JNK  and  ERK  levels  N=number  of  specimens  included  in  analysis.  C.  JNK  and 
ERK  expression  levels  compared  with  Rho-GDI  levels.  Differences  in  mean 


expression  levels  determined  by  one-way  ANOVA. 
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Figure  5.  JNK,  ERK,  and  Akt  are 
persistently  phosphorylated  in 
cultured  VS  cells.  Western  blots  of 
lysates  from  VS  cultures  maintained 
in  the  presence  or  absence  of  the 
indicated  inhibitors  were  probed  with 
antibodies  specific  for  the 
phosphorylated  forms  of  ERK 
(pERK),  AKT  (pAKT),  or  JNK  (pJNK) 
The  ErbB2  inhibitor,  PD1 58780,  did 
not  reduce  pERK,  pAkt,  nor  pJNK 
levels.  Similar  results  were  obtained 
in  3  separate  VS  cultures. 
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control  l-JIP  l-JIP  SP600125 

30  jaM  100  jaM  20  nM 

Figure  6.  Suppression  of  JNK  decreases  VS  cell  proliferation  and  increases  cell  death  via 
apoptosis.  Percent  of  BrdU+  (A)  and  TUNEL+  (B)  VS  cells  in  the  presence  or  absence  of 


SP600125  (20  pM)  and  l-JIP  (30,  100  pM)  C.  VS  apoptosis  in  cells  with  suppressed  JNK 
evidenced  by  labeling  with  anti-cleaved  caspase  3  antibody  (green)  and  TUNEL  (red).  D. 
Relative  percent  of  surviving  VS  cells  after  5  days  of  treatment  with  JNK  inhibitors.  *p<0.05  by 
one-way  ANOVA  and  posthoc  Kruskal-Wallis. 
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Figure  7.  SP600125  (20  juM)  and  l-JIP  (100  juM) 
increase  MitoSOX  fluorescence.  A.  Confocal  images  of 
live  VS  cells  with  scaled  MitoSOX  intensity.  B.  Mean 
MitoSOX  intensity  for  each  condition.  *p<0.05  by 
ANOVA. _ 
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Figure  8.  Ebselen  protects  VS  cells  from  apoptosis  induced 
by  l-JIP  (30,100  nM)  and  SP600125  (20  pM).  *p<0.05  by  one 
way  AN  OVA. 
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Figure  9.  l-JIP  (30,100  jliM)  and  SP600125  (20  jjM)  increase  radiation- 
induced  VS  cell  apoptosis.  *p<0.05  by  one  way  ANOVA. 
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Key  Research  Accomplishments: 

1-  Demonstration  that  ErbB2  constitutively  resides  in  lipid  rafts  in  VS  cells  and 
translocates  into  lipid  rafts  in  denervated  Schwann  cells,  correlated  with  loss  of  merlin 
function. 

2-  Demonstration  that  protein  kinase  A  phosphorylates  merlin  in  Schwann  cells  in  vitro 
and  in  vivo  following  denervation,  correlated  with  proliferation  and  movement  of  ErbB2 
into  lipid  rafts. 

3-  Demonstration  that  VS  cells  are  relatively  radioresistant.  Inhibition  of  ErbB2  signaling 
further  increases  their  radioresistance  while  activation  of  ErbB2  promotes 
radiosensitivity. 

4-  Demonstration  of  persistent  activation  of  JNK  in  VS  cells  that  promotes  cell 
proliferation  and  survival  by  reducing  oxidative  stress.  Further,  persistent  JNK  activity 
accounts,  at  least  in  part,  for  the  radioresistance  of  VS  cells. 
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Reportable  Outcomes: 

Abstracts/Presentations : 

Hansen,  MR,  Clark,  JJ,  Gantz,  BJ,  Goswami,  PC.  Effects  of  ErbB2  signaling  on  the  response  of 
vestibular  schwannoma  cells  to  y-irradiation.  Triologic  Society,  Orlando,  Florida,  May  2008 — 
Fowler  Award  for  Best  Basic  Science  Thesis. 

Woodson,  EA,  Clark,  JJ,  Xu,  N,  Provenzano,  MJ,  Hansen,  MR.  Constitutive  ERK  and  PI3-K 
activity  each  promote  proliferation  in  vestibular  schwannoma  cells  while  constitutive  JNK 
activity  and  p75NTR  signaling  protect  against  apoptosis.  Association  for  Research  in 
Otolaryngology,  Phoenix,  Arizona,  February  2008. 

Clark,  JJ,  Brown,  KD,  Gantz,  BJ,  Hansen  MR.  Contribution  of  ErbB2  signaling  to  vestibular 
schwannoma  cell  proliferation  and  radiosensitivity.  5th  International  Conference  on  Vestibular 
Schwannomas  and  Other  CPA  Lesions,  Barcelona,  Spain,  June  2007 

Brown,  KD,  Clark,  J,  Hansen  MR.  Differential  lipid  raft  localization  of  ErbB2  in  vestibular 
schwannoma  cells  and  Schwann  cells.  Combined  Sections  Meeting,  Triologic  Society,  Marco 
Island,  Florida,  February  2007. 

Brown,  KD,  Clark,  J,  Hansen  MR.  Differential  lipid  raft  localization  of  ErbB2  in  vestibular 
schwannoma  cells  and  Schwann  cells.  Association  for  Research  in  Otolaryngology,  Denver, 
Colorado,  February  2007. 


Manuscripts: 

Hansen,  MR,  Clark,  JJ,  Gantz,  BJ,  Goswami,  PC.  (2008)  Effects  of  ErbB2  signaling  on  the 
response  of  vestibular  schwannoma  cells  to  y-irradiation.  Laryngoscope,  1 18(6):  1023-30. 

Brown,  KD,  Hansen,  MR.  (2008)  Lipid  raft  localization  of  erbB2  in  vestibular  schwannoma  and 
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Funding  applied  for  based  on  work  supported  by  this  award: 

Plastic  Surgery  Education  Foundation/ A AONHS  Richard  Gurgel  (PI) 

Contribution  of  merlin  inactivation  by  protein  kinase  A  to  facial  nerve  Schwann  cell  regenerative 
responses 

The  objectives  are  to  determine  the  role  of  protein  kinase  A  in  the  inactivation  of  merlin  and 
Schwann  cell  mitosis  following  facial  nerve  injury. 

Status:  funded 

NIH/NIDCD  Marian  Hansen  (PI) 

Contribution  of  c-Jun  N-terminal  kinase  activity  to  vestibular  schwannoma  growth 
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The  objectives  are  to  determine  the  mechanisms  leading  to  persistent  c-Jun  N-terminal  kinase 
activity  in  vestibular  schwannoma  and  the  cellular  consequences  of  inhibiting  this  activity. 

Status:  original  application  unfunded,  resubmitted  Nov.  4,  2008 
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Conclusions: 


In  summary,  we  have  shown  that  VS  cells,  which  lack  functional  merlin,  constitutive ly  express 
activated  ErbB2  in  lipid  rafts  contributing  to  their  proliferative  potential.  Furthermore,  protein 
kinase  A  inactivates  merlin  by  phosphorylation  in  SCs  in  vitro  and  in  vivo  following  denervation, 
correlated  with  movement  of  ErbB2  into  lipids  rafts  and  re-entry  into  the  cell  cycle.  VS  cells  are 
relatively  radioresistance,  due  at  least  in  part,  to  persistent  JNK  activity  which  promotes  cell 
survival  and  limits  oxidative  stress.  Finally,  inhibition  of  ErbB2  reduces  VS  cell  radiosensitivity 
whereas  activation  of  ErbB2  enhances  radiosensitivity,  likely  by  regulating  cell  proliferation. 


13 


References: 


1.  Brown  KD,  Hansen  MR.  Lipid  raft  localization  of  erbB2  in  vestibular  schwannoma  and 
Schwann  cells.  Otol Neurotol.  2008;29(l):79-85. 

2.  Hansen  MR,  Clark  JJ,  Gantz  BJ,  Goswami  PC.  Effects  of  ErbB2  signaling  on  the 
response  of  vestibular  schwannoma  cells  to  gamma-irradiation.  Laryngoscope.  Jun 
2008;1 18(6):1023-1030. 

3.  Clark  JJ,  Provenzano  M,  Diggelmann  HR,  Xu  N,  Hansen  SS,  Hansen  MR.  The  ErbB 
inhibitors  trastuzumab  and  erlotinib  inhibit  growth  of  vestibular  schwannoma  xenografts 
in  nude  mice:  a  preliminary  study.  Otol  Neurotol.  Sep  2008;29(6):846-853. 


14 


Otology  &  Neurotology 

29:79-85  ©  2007,  Otology  &  Neurotology,  Inc. 


Lipid  Raft  Localization  of  ErbB2  in  Vestibular 
Schwannoma  and  Schwann  Cells 


Kevin  D.  Brown  and  Marian  R.  Hansen 


Department  of  Otolaryngology — Head  and  Neck  Surgery,  University  of  Iowa  College 
of  Medicine,  Iowa  City,  Iowa,  U.S.A. 


Hypothesis:  ErbB2  resides  in  lipid  rafts  (regions  of  receptor 
regulation)  in  vestibular  schwannoma  (VS)  cells. 
Background:  ErbB2  is  a  growth  factor  receptor  critical 
for  Schwann  cell  (SC)  proliferation  and  development. 
ErbB2  localization  and  activity  may  be  regulated  by  merlin, 
an  adaptor  protein  deficient  in  VS.  Lipid  rafts  are  microdo¬ 
mains  in  the  plasma  membrane  that  amplify  and  regulate 
receptor  signaling.  Persistence  of  erbB2  in  lipid  rafts  in  VS 
due  to  merlin  deficiency  may  explain  increased  VS  cell 
growth. 

Methods:  Protein  extracts  from  VS  or  rat  sciatic  nerve  (prox¬ 
imal  or  distal  to  a  crush  injury)  were  isolated  into  lipid  raft  and 
nonraft  fractions  and  immunoblotted  for  erbB2,  phosphory- 
lated  erbB2,  and  merlin  (for  sciatic  nerve).  Cultured  VS  cells 
were  probed  with  anti-erbB2  antibody  and  a  lipid  raft  marker, 
cholera  toxin  B  (CTB). 


Results:  ErbB2  moves  to  lipid  rafts  in  proliferating  SCs  and  is 
persistently  localized  to  lipid  rafts  in  VS  cells.  ErbB2  is  phos- 
phorylated  (activated)  in  lipid  rafts.  ErbB2  colocalized  with 
CTB  in  cultured  VS  cells,  confirming  raft  targeting.  Merlin 
also  persistently  localized  to  lipid  rafts  in  SCs,  and  its  relative 
phosphorylation  increased  in  proliferating  cells. 

Conclusion:  Lipid  raft  localization  of  erbB2  in  proliferating 
SCs  and  in  VS  cells  supports  a  critical  role  for  lipid  rafts  in 
amplifying/regulating  erbB2  signaling.  Merlin  resides  in  lipid 
rafts  in  SCs,  and  its  phosphorylation  increases  in  proliferating 
SCs,  suggesting  it  regulates  cell  proliferation  within  lipid  rafts. 
The  absence  of  merlin  in  VS  may  therefore  lead  to  persistent 
erbB2  localization  to  lipid  rafts  and  increased  cell  proliferation. 
Key  Words:  Vestibular  schwannoma — ErbB2 — Merlin — Signal 
transduction — Lipid  rafts. 
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Vestibular  schwannomas  (VSs)  represent  benign  neo¬ 
plasms  arising  from  Schwann  cells  (SCs)  of  the  vestib¬ 
ular  nerves.  Two  forms  of  the  disease  exist,  a  sporadic 
form  and  a  form  associated  with  the  genetic  disease 
neurofibromatosis  type  2  (NF-2).  Both  forms  share  in 
common  mutations  in  the  NF2  gene  known  as  merlin  or 
schwannomin  (1).  The  merlin  protein  shares  a  high 
degree  of  homology  with  the  ezrin-radixin-moesin 
family  of  proteins.  This  family  of  proteins  functions  as 
intermediates  that  integrate  signaling  between  cell  sur¬ 
face  scaffolding  proteins  and  cytoplasmic  signaling 
cascades  [reviewed  in  Bretscher  et  al.  (2)].  Specifi¬ 
cally,  merlin  appears  to  mediate  contact  inhibition  of 
cell  growth  (3,4). 
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Of  relevance  to  SC  tumorigenesis,  merlin  has  been 
implicated  in  regulating  the  subcellular  localization 
and  activity  of  the  glial  growth  factor  receptor,  erbB2. 
In  SCs,  heterodimers  composed  of  erbB2  and  erbB3 
function  as  receptors  for  the  glial  growth  factor,  neure- 
gulin  1  (NRG1)  (5).  NRG1 -induced  dimerization  of  this 
pair  leads  to  receptor  phosphorylation  followed  by  acti¬ 
vation  of  intracellular  pathways  critical  for  SC  survival 
and  proliferation.  These  include  the  mitogen-activated 
protein  kinase  and  phosphatidylinositol-3  kinase  path¬ 
ways  (6).  In  the  absence  of  erbB2  and  erbB3,  SCs  fail 
to  develop  (7-9).  ErbB2  signaling  also  contributes  to  the 
proliferation  of  SCs  following  axotomy,  indicating  that 
SCs  critically  depend  on  this  receptor  for  normal  devel¬ 
opment  and  proliferation  (10). 

In  addition  to  its  role  in  SC  development  and  response 
to  injury,  erbB2  signaling  contributes  to  the  development 
and  progression  of  SC  neoplasms.  Overexpression  of 
NRG1  results  in  malignant  peripheral  nerve  sheath 
tumors  in  transgenic  mice,  and  human  malignant  periph¬ 
eral  nerve  sheath  tumor  proliferation  depends  on  erbB 
signaling  (1 1,12).  Of  particular  interest,  recent  investiga¬ 
tions  revealed  that  constitutive  erbB 2  activity  contributes 
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to  VS  proliferation  in  vitro,  further  supporting  a  central 
role  for  erbB2  in  human  SC  tumorigenesis  (13-16). 

Signaling  by  receptor  tyrosine  kinases,  such  as  erbB2, 
is  regulated  at  multiple  levels  including  expression, 
degradation,  access  to  ligand,  and,  in  particular,  subcel- 
lular  localization.  Cholesterol-enriched  microdomains  of 
the  cell  membrane,  known  as  lipid  rafts,  concentrate 
receptors  with  intermediate  molecules  critical  for  ampli¬ 
fying  and  regulating  signaling  pathways  [reviewed  in 
Hancock  (17)].  Cell  surface  receptors  traffic  in  and  out 
of  these  microdomains  as  they  are  engaged  by  their 
respective  ligands,  initiate  their  signaling  cascades, 
and  are  ultimately  removed.  ErbB2  localizes  to  lipid 
rafts  in  other  cell  systems,  suggesting  that  it  may  inter¬ 
mittently  reside  in  lipid  rafts  in  SCs  and  VS  cells 
(18,19).  Likewise,  merlin  localizes  to  lipid  rafts  in  fibro¬ 
blasts  and  has  been  implicated  in  regulating  the  intra¬ 
cellular  localization  and  activity  of  receptor  tyrosine 
kinases,  including  cell  contact-dependent  sequestration 
of  erbB2  in  SCs  (4,20).  These  observations  suggest  a 
model  wherein  merlin  regulates  SC  proliferation  by  reg¬ 
ulating  the  subcellular  localization  of  erbB2,  among 
other  molecules,  in  response  to  cell-cell  contact  cues  (4). 

Aberrant  localization  of  growth-promoting  receptors 
in  lipid  rafts  may  predispose  to  neoplasia  (21).  Persistent 
localization  of  erbB2  to  lipid  rafts  (due  to  merlin  defi¬ 
ciency)  may  therefore  contribute  to  the  dysregulated 
growth  of  VS  cells.  Here  we  evaluate  the  extent  to 
which  erbB2  localizes  to  lipid  rafts  in  quiescent  and 
proliferating  SCs  and  in  VS  cells. 

MATERIALS  AND  METHODS 

Vestibular  Schwannoma  Collection 

All  patients  provided  written,  informed  consent  for  use  of 
tumor  harvested  at  the  time  of  surgery.  The  institutional  review 
board  at  the  University  of  Iowa  approved  the  study  protocol. 
VS  specimens  were  collected  at  the  time  of  surgical  removal 
and  placed  in  ice-cold  culture  media  (Dulbecco  modified  Eagle 
medium  with  10%  fetal  calf  serum  and  N2  additives)  until 
either  soluble  and  insoluble  fractions  were  isolated  (see 
below)  or  cells  were  cultured.  A  total  of  8  tumors  (sporadic 
form  of  disease)  were  examined  (4  tumors  for  Western  blots 
and  4  tumors  for  immunofluorescence  studies). 

Rat  Sciatic  Nerve  Collection 

The  institutional  animal  care  and  use  committee  at  the  Uni¬ 
versity  of  Iowa  approved  all  protocols  used  in  the  study.  Pre¬ 
vious  work  has  demonstrated  increased  erbB2  expression  in 
denervated,  proliferating  rat  sciatic  nerve  SCs  beginning  at  3 
days  after  axotomy  (10).  We  therefore  selected  4  days  as  the 
period  to  evaluate  erbB2  localization  in  proliferating  SCs. 
Adult  female  Sprague-Dawley  rats  were  anesthetized  with 
ketamine/xylazine,  and  the  sciatic  nerve  was  exposed  in  the 
mid-gluteal  region.  The  sciatic  nerve  was  crushed  for  10  sec¬ 
onds  with  a  small  hemostat  (hematoma  formation  at  the  crush 
site  facilitated  easy  future  identification  of  this  site),  and  the 
wound  was  closed.  Four  days  later,  the  animals  were  killed,  the 
operative  site  reopened,  and  proximal  and  distal  nerve  seg¬ 
ments  to  the  crush  site  collected.  These  segments  were  then 
pooled  in  3  separate  experiments  of  3  animals  each.  Protein 
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extracts  for  Western  blotting  were  isolated  into  soluble  and 
insoluble  fractions  as  described  below. 

Primary  Vestibular  Schwannoma  Cell  Culture 

The  culture  of  human  VS  cells  has  been  previously 
described  (14).  Briefly  VS  specimens  were  cut  into  approxi¬ 
mately  1-mm  pieces  and  digested  in  collagenase  and  trypsin. 
They  were  then  further  dissociated  by  trituration  through 
small-bore  pipettes.  The  cells  were  initially  resuspended  in 
culture  media  (Dulbecco  modified  Eagle  medium  with  10% 
fetal  calf  serum  and  N2  additives)  and  plated  onto  4-well  tissue 
culture  slides  precoated  with  polyornithine  and  laminin.  The 
cells  were  maintained  in  serum-free  N2  media,  following  the 
initial  media  exchange  until  they  reached  greater  than  70% 
confluency. 

Bromodeoxyuridine  Labeling  of  Sciatic  Nerve 

Four  days  following  sciatic  nerve  crush  injury,  animals 
received  4  injections  of  bromodeoxyuridine  (BrdU;  10  mg/ 
mL  in  phosphate-buffered  saline  [PBS],  50  pg/g  weight  intra- 
peritoneally)  spaced  over  a  24-hour  interval.  The  animals  were 
killed,  perfused  with  4%  paraformaldehyde  transcardiac,  and 
the  distal  and  proximal  sciatic  nerve  segments  were  harvested 
and  fixed  in  4%  paraformaldehyde  for  20  minutes.  The  nerve 
segments  were  stripped  of  the  epineurium,  and  the  fascicles 
were  gently  teased  apart.  Following  treatment  with  2  N  HC1, 
the  nerve  segments  were  permeabilized  with  0.8%  Triton- 
XI 00  in  PBS,  blocked,  and  immunostained  with  anti-BrdU 
monoclonal  antibody  (1:1,000,  clone  G3G4,  hybridoma  core, 
University  of  Iowa)  and  rabbit  anti-SlOO  (1:800;  Sigma,  St. 
Louis,  MO,  USA)  followed  by  Alexa  488-  and  Alexa 
546-conjugated  secondary  antibodies  (Molecular  Probes, 
Eugene,  OR,  USA).  Nuclei  were  labeled  with  Hoescht  3342 
(10  pg/mL;  Sigma).  BrdU  labeling  was  quantified  by  counting 
the  percent  of  BrdU-positive  SCs  (S  100-positive)  nuclei  in  3 
randomly  selected  fields  for  each  nerve  segment  from  3 
separate  animals.  Differences  in  the  mean  percent  of 
BrdU-positive  cells  were  determined  by  the  2-tailed 
Student’s  t  test  using  Excel  software  (Microsoft  Corp.,  Red¬ 
mond,  WA,  USA).  Nerve  segments  were  imaged  using  Leica 
SP5  confocal  microscope  using  Leica  software  (Leica  Micro¬ 
systems  Inc.,  Bannockburn,  IL,  USA). 

Western  Blotting  of  Vestibular  Schwannoma  and 
Rat  Sciatic  Nerve  Extracts  (Isolation  of  Soluble 
and  Insoluble  Fractions) 

Isolation  of  soluble  and  insoluble  fractions  as  well  as  the 
equivalence  of  the  insoluble  fraction  with  lipid  rafts  has  been 
previously  described  (21).  After  washing  the  tissue  pellet 
(either  VS  or  sciatic  nerve)  with  ice-cold  PBS,  the  pellet  was 
resuspended  in  ice-cold  Triton-XlOO  (TX-100)  buffer  (1% 
TX-100,  150  mmol/L  NaCl,  20  mmol/L  Tris,  pH  7.4  plus). 
Minicomplete  protease  inhibitors  as  well  as  phosphatase  inhibi¬ 
tors  were  added,  as  per  manufacturer’s  instructions,  to  all  lysis 
buffers  (Roche  Diagnostics  Corp.,  Indianapolis,  IN,  USA).  The 
tissue  was  then  sonicated  to  break  connective  tissue,  and  cells 
were  then  allowed  to  incubate  30  minutes  on  ice  to  allow  dis¬ 
solution  of  the  nonlipid  raft  fraction.  After  this  incubation,  the 
lysates  was  centrifuged,  and  the  supernatant  removed.  This 
supernatant  constituted  the  soluble  (nonlipid  raft)  fraction.  The 
remaining  pellet  was  then  resuspended  in  an  equal  volume  of 
sodium  dodecyl  sulfate  (SDS)  lysis  buffer  (0.5%  SDS,  1%  |3- 
mercaptoethanol,  1%  TX-100,  150  mmol/L  NaCl,  20  mmol/L 
Tris,  pH  7.4).  By  using  equal  volumes  of  buffer  for  each 
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isolated  fraction,  the  relative  amount  of  erbB2  in  each  fraction 
reflects  its  distribution  between  the  soluble  and  insoluble  frac¬ 
tions.  Accurate  comparisons  as  to  the  relative  distribution 
(between  soluble,  nonlipid  raft  fractions  and  insoluble  lipid 
raft  fractions)  of  erbB2,  phospho-erbB2,  and  merlin  can  then 
be  made.  The  sample  was  then  again  sonicated  to  aid  in  resus¬ 
pending  the  pellet  from  centrifugation  and  incubated  for  30 
minutes  on  ice  to  allow  dissolution  of  lipid  rafts.  The  resulting 
lysate  constituted  the  insoluble  (lipid  raft)  fraction.  Both  lysates 
then  had  an  equivalent  volume  of  SDS  running  buffer  added. 
Lysates  were  then  separated  under  denaturing  conditions  on  a 
7.5%  SDS-polyacrylamide  gel  electrophoresis  (PAGE)  gel  and 
were  subsequently  transferred  to  nitrocellulose  paper.  Blots  were 
then  blocked  with  5%  dried  milk  in  Tris-buffered  saline  + 
Tween  and  immunoblotted  with  the  following  antibodies: 
anti-erbB2  (5  gg/mL  AB-17;  Lab  Vision,  Freemont,  CA, 
USA),  anti-phospho-erbB2  (2.5  jig/mL  Ab-18,  Lab  Vision), 
anti-actin  (1:5,000  Ab-5;  BD  Biosciences,  Mississauga,  ON, 
Canada),  and  anti-NF-2/schwannomin/merlin  (1:10,000,  sc- 
331;  Santa  Cruz  Biotechnology,  Santa  Cruz,  CA,  USA).  All 
blots  were  washed  and  then  treated  with  either  goat  antimouse 
or  goat  antirabbit  horseradish  peroxidase-conjugated  antibody  at 
a  1:20,000  dilution  (BioRad,  Hercules,  CA,  USA).  Blots  were 
washed  again  and  then  developed  with  electrochemilumines¬ 
cence  solution,  as  per  manufacturer’s  instructions  (Pierce,  Rock¬ 
ford,  IL,  USA)  and  exposed  to  film. 

Immunostaining  of  Vestibular  Schwannoma  Cells 

To  verify  colocalization  of  erbB2  with  lipid  rafts,  VS  cul¬ 
tures  were  washed  twice  with  ice-cold  PBS.  Cells  were  then 
incubated  with  cholera  toxin  B  (CTX-B)-Alexa  Fluor  555 
(red,  2.5  jig/mL)  for  30  minutes  at  4°C.  Cholera  toxin  B 
binds  GM1  ganglioside  and  is  a  marker  for  lipid  rafts  (Molec¬ 
ular  Probes).  Cells  were  light  protected  from  this  point  on. 
After  this  incubation,  cells  were  then  washed  3  times  with 
ice-cold  PBS  for  5  minutes  each.  Cells  were  then  fixed  with 
4%  paraformaldehyde/0.4%  TX-100/PBS,  pH  7.2,  for  10  min¬ 
utes.  After  fixation,  cells  were  then  washed  3  times  with  wash 
buffer  (0.4%  TX-100,  PBS)  for  5  minutes  for  each  wash  and 
blocked  with  blocking  buffer  (0.4%  TX-100,  5%  goat  serum, 
2%  bovine  serum  albumin,  PBS)  for  30  minutes  at  room  tem¬ 
perature.  Cells  were  then  washed  once  with  wash  buffer  for  5 
minutes.  Mouse  anti-erbB2  (Ab-2,  1:400;  Oncogene  Research 
Products,  San  Diego,  CA,  USA),  diluted  in  blocking  buffer, 
was  then  incubated  overnight  at  4°C.  After  3  washes,  Alexa 
Fluor  488  goat  antimouse  secondary  antibody  (1:1,000;  Mole¬ 
cular  Probes)  was  then  incubated  for  1  hour  at  room  tempera¬ 
ture.  Cells  were  then  washed  3  times  and  cover-slipped  with 
1  to  2  drops  of  Aquamount  (Lerner  Laboratories,  Pittsburgh, 
PA,  USA).  Fluorescent  digital  images  were  captured  using 
Zeiss  LSM  510  confocal  microscope.  Images  were  prepared 
for  publication  with  Adobe  Photoshop  (San  Jose,  CA,  USA). 

RESULTS 

To  better  understand  the  role  of  erbB2  trafficking  to 
lipid  rafts  in  SC  proliferation,  we  initially  evaluated 
erbB2  localization  in  proliferating  and  quiescent  normal 
SCs.  Denervated  SCs  distal  to  the  site  of  a  sciatic  nerve 
crush  injury  proliferate  and  increase  expression  of  erbB2 
within  3  days  after  injury,  whereas  those  in  the  proximal 
segment  remain  quiescent  (10).  Therefore,  we  compared 
erbB2  localization  to  lipid  rafts  in  nerve  segments  prox¬ 


imal  and  distal  to  a  crush  injury.  Four  days  after  crush¬ 
ing  the  sciatic  nerve,  proximal  and  distal  segments  were 
collected  and  pooled  from  3  animals  in  each  of  the  3 
experiments.  Protein  extracts  from  the  sciatic  nerve  seg¬ 
ments  were  then  isolated  into  TX-100  soluble  and  insol¬ 
uble  fractions.  Equal  volumes  of  lysate  buffer  were  used 
to  suspend  these  fractions  to  permit  evaluation  of  the 
relative  distribution  of  erbB2  between  these  fractions. 
These  fractions  were  then  separated  by  SDS-PAGE, 
transferred  to  nitrocellulose  paper,  and  immunoblotted 
for  erbB2,  phosphorylated  erbB2,  and  actin  (to  permit 
comparisons  of  protein  content  between  proximal  and 
distal  segments).  As  shown  in  Figure  1C,  erbB2  appeared 
exclusively  in  the  nonlipid  raft  fraction  (TX-100  soluble) 
in  the  proximal  (nonproliferating)  segment.  The  distal 
(proliferating)  segment  demonstrated  an  increase  in  over¬ 
all  erbB2  expression  as  previously  reported  (10)  and  also 
demonstrated  the  movement  of  erbB2  into  the  lipid  raft 
(insoluble)  fraction.  This  suggests  that  erbB2  moves  to 
lipid  rafts  in  proliferating  SCs  and  supports  the  physiolo¬ 
gical  importance  of  this  localization  in  dividing  cells. 
Furthermore,  erbB2  is  phosphorylated  in  the  lipid  raft 
fraction  (Fig.  ID).  As  expected,  the  cytosolic  protein 
actin  remained  in  the  TX-100  fraction  verifying  the  ade¬ 
quacy  of  the  TX-100  extraction  (Fig.  IE).  Proliferation  of 
SCs  in  the  distal  segment  was  verified  by  BrdU  labeling 
(Fig.  1,  A  and  B).  Together  these  data  suggest  that  loca¬ 
lization  of  erbB2  into  lipid  rafts  is  an  important  feature 
of  SC  proliferation  and  that  erbB2  is  activated  in  lipid 
rafts  as  demonstrated  by  its  phosphorylation  within  these 
fractions. 

Previous  studies  have  suggested  that  merlin  regulates 
erbB2  trafficking  in  SCs  as  merlin  is  present  in  erbB2 
immunoprecipitates  from  SCs  (4).  Furthermore,  merlin 
resides  within  lipid  rafts  in  cultured  fibroblasts  (20).  The 
data  above  demonstrate  inducible  erbB2  trafficking  to 
lipid  rafts  in  SCs  that  have  lost  axonal  contact  and  re¬ 
enter  the  cell  cycle.  We  then  sought  to  determine  if 
merlin  also  localizes  to  lipid  rafts  in  SCs  and  if  that 
localization  varied  between  quiescent  and  proliferating 
nerve  segments.  TX-100  soluble  and  insoluble  fractions 
derived  from  sciatic  nerve  segments  proximal  and  distal 
to  the  crush  injury  were  separated  by  SDS-PAGE,  trans¬ 
ferred  to  nitrocellulose  paper,  and  immunoblotted  for 
merlin.  Merlin  has  been  previously  demonstrated  to  pre¬ 
sent  as  2  dominant  bands  with  the  upper  band  represent¬ 
ing  its  phosphorylated  form  (22,23).  Merlin  was 
exclusively  found  in  the  lipid  raft  (insoluble)  fraction 
in  rat  sciatic  nerve  in  both  the  distal  (proliferating) 
and  proximal  (quiescent)  segments  of  the  nerve  (Fig.  2). 
This  finding  was  confirmed  in  3  replicate  experiments 
and  is  consistent  with  previous  reports  in  other  cell 
systems  (20).  Thus,  merlin  constitutively  localizes  to 
lipid  rafts  in  normal  SCs,  implying  that  it  likely 
plays  a  fundamental  role  in  regulating  the  trafficking 
of  key  signaling  molecules  into  and  out  of  these  micro¬ 
domains  of  the  cell  membrane.  Interestingly,  the  rela¬ 
tive  amount  of  phosphorylated  merlin  is  higher  in 
proliferating  nerve,  consistent  with  previous  reports 
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FIG.  1 .  Lipid  raft  localization  of  erbB2  in  sciatic  nerve.  A-B,  Four  days  after  a  crush  injury,  animals  were  labeled  with  BrdU  as  described  in 
Materials  and  Methods.  Proximal  and  distal  segments  were  collected  and  immunostained  with  anti-BrdU  monoclonal  antibody  (1:1,000, 
clone  G3G4,  hybridoma  core,  University  of  Iowa)  and  rabbit  anti-SlOO  (1:800;  Sigma)  followed  by  Alexa  488-  and  Alexa  546-conjugated 
secondary  antibodies  (Molecular  Probes).  Nuclei  were  labeled  with  Hoescht  3342  (10  |xg/mL;  Sigma).  BrdU  labeling  was  quantified  by 
counting  the  percent  of  BrdU-positive  SC  (SI  00  positive)  nuclei  in  3  randomly  selected  fields  for  each  nerve  segment  from  3  separate 
animals.  Differences  in  the  mean  percent  of  BrdU-positive  cells  were  determined  by  the  2-tailed  Student’s  t  test  and  demonstrated 
significance  at  p<  0.001.  C-E,  Four  days  after  a  crush  injury  to  the  sciatic  nerve,  proximal  (quiescent)  and  distal  (proliferating)  segments 
were  collected,  and  soluble  (TX-1 00/nonlipid  raft)  and  insoluble  (SDS/lipid  raft)  fractions  were  prepared.  Fractions  were  separated  by  SDS- 
PAGE,  transferred  to  nitrocellulose,  and  blotted  for  erbB2  (C)  and  phospho-erbB2  (D).  Fractions  were  also  blotted  for  actin  (£)  to  verify 
equal  protein  loading  and  complete  extraction  of  TX-100  soluble  proteins.  Data  are  representative  of  pooled  nerve  segments  from  3 
animals  for  each  of  3  independent  experiments. 
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FIG.  2.  Lipid  raft  localization  of  merlin  in  sciatic  nerve.  Four  days 
after  a  crush  injury  to  the  sciatic  nerve,  proximal  (quiescent)  and 
distal  (proliferating)  segments  were  collected,  and  soluble  (TX- 
1 00/nonlipid  raft)  and  insoluble  (SDS/lipid  raft)  fractions  were  pre¬ 
pared.  Fractions  were  separated  by  SDS-PAGE,  transferred  to 
nitrocellulose,  and  blotted  for  merlin.  The  characteristic  2  domi¬ 
nant  bands  of  merlin  are  seen.  Data  are  representative  of  pooled 
nerve  from  3  animals  for  each  of  3  independent  experiments. 


indicating  that  phosphorylated  merlin  promotes  cell 
proliferation  (24). 

Because  merlin  is  implicated  in  erbB2  trafficking  and 
is  deficient  in  VS  cells  and  because  erbB2  activation 
contributes  to  VS  proliferation,  we  next  evaluated  the 
lipid  raft  distribution  of  erbB2  in  acutely  resected  human 
VS.  VS  tissue  was  harvested  and  isolated  into  TX-100 
soluble  and  insoluble  fractions  (21,25).  As  demonstrated 
previously,  the  insoluble  fraction  corresponds  to  the 
lipid  raft-containing  fraction  of  the  cell  (21).  Each  of 
these  fractions  was  then  separated  by  SDS-PAGE,  trans¬ 
ferred  to  nitrocellulose  paper,  and  immunoblotted  for 
erbB2.  The  blot  was  then  stripped  and  reprobed  with 
an  anti-phosphorylated  erbB2  antibody.  Equal  volumes 
of  buffer  were  used  for  each  isolated  fraction,  and  equal 
volumes  were  loaded  into  the  gel  for  each  fraction; 
therefore,  the  relative  amount  of  erbB2  in  each  fraction 
reflects  its  distribution  between  the  soluble  and  insolu¬ 
ble  fractions.  Remarkably,  erbB2  exclusively  localized 
within  the  lipid  raft  (TX-100  insoluble)  fraction  in  VS 
tissue  (Fig.  3A).  The  phosphorylated  form  of  erbB2  is 
likewise  localized  to  the  lipid  raft  fraction  (Fig.  3B), 
suggesting  that  the  erbB2  in  TX-100  insoluble  fraction 
exists  in  an  activated  state  consistent  with  the  observa¬ 
tion  of  constitutive  erbB2  activation  in  VS  tissue  (14). 
Similar  findings  were  seen  in  VS  specimens  from  4 
patients.  These  data  together  demonstrate  that  in  VS, 
which  lacks  functional  merlin,  activated  erbB2  localizes 
to  lipid  rafts  to  a  greater  extent  than  that  seen  in  dener- 
vated  SCs  and  suggests  the  possibility  that  constitutive 
erbB2  localization  in  lipid  rafts  in  VS  contributes  to 
their  growth  potential. 

Although  the  TX-100  insoluble  fraction  has  been  pre¬ 
viously  demonstrated  to  contain  lipid  rafts,  other  sub- 
cellular  domains  such  as  caveolae  and  insoluble 
cytoskeletal  components  are  likewise  present  within 
this  fraction.  To  verify  that  erbB2  in  the  TX-100  inso¬ 
luble  fraction  is  due  to  its  distribution  into  lipid  rafts,  we 
used  colocalization  studies  with  fluorophore-labeled 
CTX-B,  which  specifically  binds  to  GM1  ganglioside 


and  is  a  reliable  marker  for  lipid  rafts  and  anti-erbB2 
immunofluorescence.  VS  cultures  near  confluency  were 
labeled  with  Alexa  Fluor  555-conjugated  CTB  (red) 
followed  by  fixation  and  immunolabeling  with  anti- 
erbB2  and  an  Alexa  Fluor  488  secondary  antibody 
(green).  Cells  were  imaged  with  confocal  microscopy, 
and  images  were  combined  to  evaluate  for  overlap  of  the 
fluorophores.  As  shown  in  Figure  4,  erbB2  immuno¬ 
fluorescence  is  predominantly  restricted  to  the  cell 
membrane  where  it  extensively  overlaps  with  CTX-B 
labeling,  confirming  that  erbB2  localization  to  the  TX- 
100  insoluble  (lipid  raft)  fraction  is  due  to  its  localiza¬ 
tion  to  lipid  rafts. 


DISCUSSION 

Lipid  rafts  are  proposed  to  serve  as  hubs  of  activity  by 
which  signals  of  cell  growth  are  amplified  and/or  regu¬ 
lated  before  being  transduced  into  the  cell  (26).  Merlin 
is  the  deficient  or  mutated  protein  in  VS,  and  previous 
studies  suggest  that  merlin  may  localize  to  lipid  rafts  in 
fibroblasts  (1,20).  Similarly,  in  other  cell  systems,  erbB2 
appears  to  localize  to  lipid  rafts  (18).  ErbB2  and  its 
binding  partner  erbB3  have  been  proposed  to  promote 
the  proliferation  of  schwannoma  cells  (13-16).  We 
therefore  hypothesized  that  differences  in  lipid  raft  loca¬ 
lization  of  erbB2  may,  in  part,  explain  the  constitutive 
activation  of  erbB2  in  VS. 

Our  evaluation  revealed  that  erbB2  is  constitutively 
localized  to  lipid  rafts  in  VS  tissue.  This  was  demon¬ 
strated  both  biochemically  by  extracting  a  lipid  raft  frac¬ 
tion  (Fig.  3)  as  well  as  by  imaging,  demonstrating  that 
erbB2  colocalizes  with  CTX-B,  a  marker  for  lipid  rafts 
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A 


-  #  B  .  _ 
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B 

FIG.  3.  Lipid  raft  localization  of  erbB2  in  VS  cells.  Soluble  (TX- 
1 00/nonlipid  raft)  and  insoluble  (SDS/lipid  raft)  fractions  were  pre¬ 
pared  from  freshly  harvested  tumor  specimens.  Fractions  were 
separated  by  SDS-PAGE,  transferred  to  nitrocellulose,  and 
blotted  for  erbB2  (A)  and  phospho-erbB2  (B).  Data  are  represen¬ 
tative  of  4  independent  experiments  performed  on  4  separate 
tumors. 
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FIG.  4.  Colocalization  of  erbB2  with  lipid  rafts.  VS  cells  were 
cultured  and  labeled  with  Alexa  Fluor  555-conju gated  CTX-B 
(red),  a  lipid  raft  marker,  and  anti-erbB2  with  Alexa  Fluor  488 
secondary  antibody  (green).  Fluorescence  was  detected  with 
confocal  microscopy.  Overlap  of  the  red  and  green  labeling  pro¬ 
duces  a  yellow  color  indicating  colocalization  of  the  molecules. 
Data  are  representative  of  4  independent  experiments  performed 
on  4  separate  tumors. 
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(Fig.  4).  Activation  of  erbB2  in  this  fraction  is  dem¬ 
onstrated  by  its  phosphorylation  (Fig.  3).  ErbB2  has 
previously  been  suggested  to  play  a  key  role  in  SC 
proliferation  as  well  as  proliferation  of  VS  cells 
(10,13,14,27).  The  constitutive  presence  of  activated 
erbB2  in  lipid  rafts  (which  are  an  axis  for  growth- 
promoting  receptors  to  initiate  their  signal  transduction 
cascades)  is  a  novel  finding  and  provides  a  key  piece 
of  evidence  for  how  disordered  growth  may  occur  in 
VS  cells. 

The  significance  of  this  finding  is  further  underscored 
by  our  demonstration  that  SCs  in  proliferating  sciatic 
nerve  distal  to  a  crush  injury  site  not  only  increase 
erbB2  expression,  but  also  translocate  erbB2  to  the  inso¬ 
luble  lipid  raft  fraction  (Fig.  1).  This  correlation  between 
proliferating  SCs  and  the  presence  of  erbB2  in  lipid  rafts 
suggests  that  movement  of  erbB2  into  lipid  rafts  follow¬ 
ing  loss  of  axonal  contact  is  a  physiological  response  of 
SCs  that  promotes  proliferation.  Taken  with  our  obser¬ 
vation  of  constitutive  erbB2  localization  to  lipid  rafts  in 
VS  cells,  these  results  suggest  a  mechanism  for  consti¬ 
tutive  erbB2  signaling  in  VS  cells  that  contributes  to 
their  proliferative  potential  (14). 

Merlin  exists  in  2  states:  an  open,  phosphorylated 
form  that  promotes  cell  proliferation  and  growth  and  a 
closed  hypophosphorylated  form  that  inhibits  cell 
growth  (24).  The  presence  of  merlin  in  lipid  rafts  has 
been  previously  suggested  to  be  crucial  for  the  ability 
of  merlin  to  intercede  and  disrupt  positive  growth  cues 
emanating  from  the  plasma  membrane  (20).  We 
demonstrate  in  our  work  for  the  first  time  that  merlin 
is  localized  to  lipid  rafts  in  SCs  and  that  its  relative 
phosphorylation  increases  within  this  fraction  in  prolif¬ 
erating  SCs.  These  data  together  suggest  that  merlin 
regulation  of  receptor  kinases  such  as  ErbB2  occurs 
in  lipid  rafts.  Merlin  interacts  with  the  erbB2  binding 
protein,  erbin,  via  the  anchoring  protein  EBP50  (28), 
and  has  been  proposed  to  regulate  the  membrane  loca¬ 
lization  of  erbB2  in  SCs  in  response  to  cell-cell  contact 
signals  (4).  In  this  model,  merlin  mediates  the  assem¬ 
bly  of  transmembrane  and  intracellular  signaling  hubs 
based  on  cell-cell  contact  signals  (4).  In  subconfluent 
SCs  in  vitro  or  denervated  SCs  in  vivo,  merlin  is  phos¬ 
phorylated  and  “open.”  In  this  state,  merlin  interacts 
with  several  transmembrane,  scaffolding  and  signaling 
molecules  including  erbB2,  facilitating  the  assembly  of 
a  complex  of  signaling  molecules.  In  confluent  cells  in 
vitro  or  in  the  presence  of  axons,  merlin  is  hypopho¬ 
sphorylated  and  closed.  This  leads  to  disruption  of  the 
signaling  complex,  sequestration  of  erbB2  from  lipid 
rafts  and  cell  cycle  arrest.  As  VS  cells  lack  functional 
merlin  (1),  they  would  be  unable  to  accomplish  this  dis¬ 
ruption  of  signaling  complexes  leading  to  a  state  of  con¬ 
stitutive  activation  in  which  erbB2  remains  localized 
in  lipid  rafts  despite  increased  cell  density.  Although 
further  study  is  necessary  to  fully  validate  this  mod¬ 
el,  it  offers  an  appealing  explanation  for  how  erbB2 
activity  could  contribute  to  the  disordered  growth  of 
VS  cells. 
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Together,  these  data  demonstrate  that  activated  erbB2 
is  constitutively  localized  to  lipid  rafts  in  VS  in  both 
whole  tissue  and  cell  culture.  ErbB2  is  also  inducibly 
localized  to  rafts  in  denervated,  proliferating  SC  sciatic 
nerve,  suggesting  a  critical  role  for  erbB2  in  SC  prolif¬ 
eration.  Merlin  may  regulate  erbB2  trafficking  in  lipid 
rafts  and  its  absence  in  VS  cells  may,  in  part,  explain  the 
increased  growth  potential  of  VS  cells. 

REFERENCES 

1.  Welling  DB.  Clinical  manifestations  of  mutations  in  the  neurofi¬ 
bromatosis  type  2  gene  in  vestibular  schwannomas  (acoustic  neu¬ 
romas).  Laryngoscope  1998;108:178-89. 

2.  Bretscher  A,  Edwards  K,  Fehon  RG.  ERM  proteins  and  merlin: 
integrators  at  the  cell  cortex.  Nat  Rev  Mol  Cell  Biol  2002;3:586-99. 

3.  Morrison  H,  Sherman  LS,  Legg  J,  et  al.  The  NF2  tumor  suppressor 
gene  product,  merlin,  mediates  contact  inhibition  of  growth  through 
interactions  with  CD44.  Genes  Dev  2001;15:968-80. 

4.  Fernandez- Valle  C,  Tang  Y,  Ricard  J,  et  al.  Paxillin  binds  schwan- 
nomin  and  regulates  its  density-dependent  localization  and  effect 
on  cell  morphology.  Nat  Genet  2002;31:354-62. 

5.  Marchionni  MA,  Goodearl  AD,  Chen  MS,  et  al.  Glial  growth 
factors  are  alternatively  spliced  erbB2  ligands  expressed  in  the 
nervous  system.  Nature  1993;362:312-8. 

6.  Holbro  T,  Civenni  G,  Hynes  NE.  The  ErbB  receptors  and  their  role 
in  cancer  progression.  Exp  Cell  Res  2003;284:99-110. 

7.  Woldeyesus  MT,  Britsch  S,  Riethmacher  D,  et  al.  Peripheral  ner¬ 
vous  system  defects  in  erbB2  mutants  following  genetic  rescue  of 
heart  development.  Genes  Dev  1999;13:2538-48. 

8.  Garratt  AN,  Voiculescu  O,  Topilko  P,  Charnay  P,  Birchmeier  C.  A 
dual  role  of  erbB2  in  myelination  and  in  expansion  of  the  Schwann 
cell  precursor  pool.  J  Cell  Biol  2000;  148: 1035^-6. 

9.  Riethmacher  D,  Sonnenberg-Riethmacher  E,  Brinkmann  V, 
Yamaai  T,  Lewin  GR,  Birchmeier  C.  Severe  neuropathies  in 
mice  with  targeted  mutations  in  the  ErbB  3  receptor.  Nature  1997; 
389:725-30. 

10.  Carroll  SL,  Miller  ML,  Frohnert  PW,  Kim  SS,  Corbett  JA.  Expres¬ 
sion  of  neuregulins  and  their  putative  receptors,  ErbB2  and  ErbB3, 
is  induced  during  Wallerian  degeneration.  J  Neurosci  1997;  17: 
1642-59. 

11.  Frohnert  PW,  Stonecypher  MS,  Carroll  SL.  Constitutive  activation 
of  the  neuregulin-l/ErbB  receptor  signaling  pathway  is  essential 
for  the  proliferation  of  a  neoplastic  Schwann  cell  line.  Glia  2003; 
43:104-18. 

12.  Huijbregts  RP,  Roth  KA,  Schmidt  RE,  Carroll  SL.  Hypertrophic 
neuropathies  and  malignant  peripheral  nerve  sheath  tumors  in 
transgenic  mice  overexpressing  glial  growth  factor  beta3  in  myeli¬ 
nating  Schwann  cells.  J  Neurosci  2003;23:7269-80. 


13.  Hansen  MR,  Linthicum  FH  Jr.  Expression  of  neuregulin  and  acti¬ 
vation  of  erbB  receptors  in  vestibular  schwannomas:  possible 
autocrine  loop  stimulation.  Otol  Neurotol  2004;25:155-9. 

14.  Hansen  MR,  Roehm  PC,  Chatterjee  P,  Green  SH.  Constitutive 
neuregulin-l/ErbB  signaling  contributes  to  human  vestibular  schwan¬ 
noma  proliferation.  Glia  2006;53:593-600. 

15.  Stonecypher  MS,  Byer  SJ,  Grizzle  WE,  Carroll  SL.  Activation  of 
the  neuregulin-l/ErbB  signaling  pathway  promotes  the  prolifera¬ 
tion  of  neoplastic  Schwann  cells  in  human  malignant  peripheral 
nerve  sheath  tumors.  Oncogene  2005;24:5589-605. 

16.  Stonecypher  MS,  Chaudhury  AR,  Byer  SJ,  Carroll  SL.  Neuregulin 
growth  factors  and  their  ErbB  receptors  form  a  potential  signaling 
network  for  schwannoma  tumorigenesis.  J  Neuropathol  Exp  Neu¬ 
rol  2006;65:162-75. 

17.  Hancock  JF.  Lipid  rafts:  contentious  only  from  simplistic  stand¬ 
points.  Nat  Rev  Mol  Cell  Biol  2006;7:456-62. 

18.  Nagy  P,  Vereb  G,  Sebestyen  Z,  et  al.  Lipid  rafts  and  the  local 
density  of  ErbB  proteins  influence  the  biological  role  of  homo-  and 
heteroassociations  of  ErbB2.  J  Cell  Sci  2002;115:4251-62. 

19.  Frenzel  KE,  Falls  DL.  Neuregulin- 1  proteins  in  rat  brain  and  trans¬ 
fected  cells  are  localized  to  lipid  rafts.  J  Neurochem  2001  ;77: 
1-12. 

20.  Stickney  JT,  Bacon  WC,  Rojas  M,  Ratner  N,  Ip  W.  Activation  of 
the  tumor  suppressor  merlin  modulates  its  interaction  with  lipid 
rafts.  Cancer  Res  2004;64:2717-24. 

21.  Brown  KD,  Hostager  BS,  Bishop  GA.  Differential  signaling  and 
tumor  necrosis  factor  receptor-associated  factor  (TRAF)  degrada¬ 
tion  mediated  by  CD40  and  the  Epstein-Barr  virus  oncoprotein 
latent  membrane  protein  1  (LMP1).  J  Exp  Med  2001;193:943-54. 

22.  Kissil  JL,  Johnson  KC,  Eckman  MS,  Jacks  T.  Merlin  phosphor¬ 
ylation  by  p21 -activated  kinase  2  and  effects  of  phosphorylation 
on  merlin  localization.  J  Biol  Chem  2002;277:10394-9. 

23.  Hughes  SC,  Fehon  RG.  Phosphorylation  and  activity  of  the  tumor 
suppressor  Merlin  and  the  ERM  protein  Moesin  are  coordinately 
regulated  by  the  Slik  kinase.  J  Cell  Biol  2006;175:305-13. 

24.  Gutmann  DH,  Haipek  CA,  Hoang  Lu  K.  Neurofibromatosis  2 
tumor  suppressor  protein,  merlin,  forms  two  functionally  impor¬ 
tant  intramolecular  associations.  J  Neurosci  Res  1999;58:706-16. 

25.  Brown  KD,  Hostager  BS,  Bishop  GA.  Regulation  of  TRAF2 
signaling  by  self-induced  degradation.  J  Biol  Chem  2002;277: 
19433-8. 

26.  Simons  K,  Toomre  D.  Lipid  rafts  and  signal  transduction.  Nat  Rev 
Mol  Cell  Biol  2000;1:31-9. 

27.  Hayworth  CR,  Moody  SE,  Chodosh  LA,  Krieg  P,  Rimer  M, 
Thompson  WJ.  Induction  of  neuregulin  signaling  in  mouse 
Schwann  cells  in  vivo  mimics  responses  to  denervation.  J  Neurosci 
2006;26:6873-84. 

28.  Rangwala  R,  Banine  F,  Borg  JP,  Sherman  LS.  Erbin  regulates 
mitogen-activated  protein  (MAP)  kinase  activation  and  MAP 
kinase-dependent  interactions  between  Merlin  and  adherens  junc¬ 
tion  protein  complexes  in  Schwann  cells.  J  Biol  Chem  2005;280: 
11790-7. 


Otology  &  Neurotology,  Vol.  29,  No.  1,  2008 


Copyright  ©  2007  Otology  &  Neurotology,  Inc.  Unauthorized  reproduction  of  this  article  is  prohibited. 


CANDIDATE'S  THESIS 


The  Laryngoscope 
Lippincott  Williams  &  Wilkins 
©  2008  The  American  Laryngological, 
Rhinological  and  Otological  Society,  Inc. 


Fowler  Award  Presentation 


Effects  of  ErbB2  Signaling  on  the  Response  of 
Vestibular  Schwannoma  Cells  to  7- Irradiation 


Marian  R.  Hansen,  MD;  J.  Jason  Clark,  MS;  Bruce  J.  Gantz,  MD;  Prabhat  C.  Goswami,  PhD 


Objective:  For  vestibular  schwannomas  (VSs)  that 
require  treatment,  options  are  limited  to  microsurgery  or 
irradiation  (IR).  Development  of  alternative  therapies 
that  augment  or  replace  microsurgery  or  IR  would  benefit 
patients  not  suitable  for  current  therapies.  This  study 
explored  the  ability  of  ErbB2  inhibitors  to  modulate  the 
effects  of  IR  on  VS  cells. 

Study  Design:  Prospective  study  using  primary 
cultures  derived  from  human  VSs. 

Methods:  Primary  cultures  of  VS  cells  were  derived 
from  acutely  resected  tumors.  Cultures  received  single 
escalating  doses  (15-40  Gy)  of  y-irradiation  from  a  137Cs 
y-irradiation  source.  Cell  proliferation  was  deter¬ 
mined  by  BrdU  uptake  and  apoptosis  by  terminal 
deoxynucleotidyl  transferase  dUTP  nick  end  labeling 
(TUNEL).  Trastuzumab  (Herceptin)  and  PD158780 
were  independently  used  to  inhibit  ErbB2  signaling 
while  neuregulin-1/3  (NRG-1)  was  used  to  activate 
ErbB2. 

Results:  IR  induces  VS  cell  cycle  arrest  and  apopto¬ 
sis  in  doses  greater  than  20  Gy,  demonstrating  that  VS 
cells  are  relatively  radioresistant.  This  radioresistance 
likely  arises  from  their  low  proliferative  capacity  as  a 
sublethal  dose  of  IR  (10  Gy)  strongly  induces  deoxyribo¬ 
nucleic  acid  (DNA)  damage  evidenced  by  histone  H2AX 
phosphorylation.  Inhibition  of  ErbB2,  which  decreases 
VS  cell  proliferation,  protects  VS  cells  from  radiation- 
induced  apoptosis,  while  NRG-1,  an  ErbB2  ligand  and  VS 
cell  mitogen,  increases  radiation-induced  VS  cell  apoptosis. 

Conclusions:  Compared  with  many  neoplastic  con¬ 
ditions,  VS  cells  are  relatively  radioresistant.  The  radio- 
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protective  effect  of  ErbB2  inhibitors  implies  that  the  sen¬ 
sitivity  of  VS  cells  to  IR  depends  on  their  proliferative 
capacity.  These  results  hold  important  implications  for 
current  and  future  treatment  strategies. 

Key  Words:  Proliferation,  apoptosis,  acoustic  neu¬ 
roma,  radiotherapy,  histone  H2AX. 
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INTRODUCTION 

Vestibular  schwannomas  (VSs)  represent  benign  neo¬ 
plasms  arising  from  the  Schwann  cells  (SCs)  within  the 
vestibular  nerves.  Most  occur  as  sporadic,  isolated  tumors; 
however,  patients  with  neurofibromatosis  type  2  (NF2) 
develop  multiple  intracranial  and  spinal  neoplasms,  in¬ 
cluding  bilateral  VSs.1  Management  of  VSs  remains  con¬ 
troversial.  For  many  patients,  observation  with  serial 
imaging  to  monitor  for  further  growth  suffices.2’3  For  pa¬ 
tients  who  elect  or  require  treatment,  options  are  limited 
to  microsurgical  resection  or  irradiation  (IR).4  Estimates 
predict  that  in  the  coming  decade,  most  VSs  will  be  man¬ 
aged  with  IR.5  Typically,  IR  is  provided  as  stereotactic 
radiosurgery  (SRS)  in  a  single  dose  delivered  from  a 
gamma  knife  or  linear  accelerator  (LIN AC)  or  as  fraction¬ 
ated  stereotactic  radiotherapy  (FSR)  delivered  in  fraction¬ 
ated  doses.6  Both  microsurgery  and  SRS/FSR  are  gener¬ 
ally  well  tolerated,  yet  occasionally  result  in  significant 
morbidity  and,  in  rare  cases,  even  malignant  transforma¬ 
tion.7-11  Further,  some  patients  are  not  good  candidates 
for  either  microsurgery  or  SRS/FSR.  Understanding  the 
mechanisms  that  regulate  VS  growth  and  their  response 
to  IR  will  hopefully  lead  to  the  development  of  effective 
alternative  therapies  that  specifically  limit  schwannoma 
growth  or  increase  their  response  to  current  therapies. 

Vestibular  schwannomas  result  from  defects  in 
the  tumor  suppressor  gene ,  merlin.  Both  sporadic  and 
familial  (NF2)  forms  of  VSs  are  associated  with  defects  in 
the  tumor  suppressor  gene,  schwannomin/ merlin.12-14 
The  merlin  protein  shares  a  high  degree  of  homology  to  the 
ezrin-radixin-moesin  family  of  proteins  believed  to  function 
by  associating  transmembrane  and  signaling  molecules  with 
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cytoskeletal  actin,  and  so  affecting  cell-cell  attachments, 
cell  motility,  and  localization  of  cell  signaling  molecules.15 
Recent  investigations  have  begun  to  identify  mechanisms 
by  which  lack  of  merlin  function  may  promote  tumor 
growth.  Merlin  inhibits  several  intracellular  signals  im¬ 
plicated  in  cell  proliferation  and  tumor  formation,  includ¬ 
ing  Ras,  Racl/Cdc42,  Raf,  p21-activated  kinases  1  and  2, 
extracellular  regulated  kinase/mitogen  activated  protein 
kinase  (ERK/MAPK),  and  phosphatidyl-inositol  3-kinase 
(PI3-K)/Akt.15  In  addition  to  its  effects  on  intracellular 
signals,  merlin  also  regulates  receptor  tyrosine  kinase 
trafficking  and  activity,  including  platelet-derived 
growth  factor  receptor16  and  ErbB2.17’18  The  extent  to 
which  these  mechanisms  contribute  to  SC  neoplasia  is 
unknown. 

ErbB2  signaling  contributes  to  Schwann  cell  de¬ 
velopment,  proliferation,  survival,  and  tumorigene- 
sis .  ErbB2  and  ErbB3  are  members  of  the  epidermal 
growth  factor  (EGF)  family  of  receptor  tyrosine  kinases, 
and  both  are  required  for  normal  SC  development  and 
survival.19’20  They  function  as  heterodimeric  receptors  for 
neuregulin-1  (NRG1),  a  potent  axonally-derived  SC  mito¬ 
gen  that  is  essential  for  normal  SC  development  and  sur¬ 
vival.21  NRGl-induced  ErbB2  and  ErbB3  phosphorylation 
leads  to  activation  of  intracellular  signals,  including  PI3 
K/Akt  and  ERKs,  which  are  necessary  for  SC  proliferation 
and  survival.21-25 

Similar  to  denervated  SCs,  VS  cells  constitutively 
express  NRG1  and  its  receptors  ErbB2  and  ErbB3.  In  VS 
cells,  ErbB2  resides  in  detergent-resistant  microdomains 
of  the  cell  membrane  associated  with  enhanced  signal 
transduction  known  as  lipid  rafts,  are  constitutively  ac¬ 
tive,  and  promotes  VS  cell  proliferation.26-28  Additional 
lines  of  evidence  suggest  that  constitutive  NRGl:ErbB2 
signaling  contributes  to  SC  neoplasia.  Mice  genetically 
engineered  to  overexpress  NRG  1/3  in  SCs  develop  malig¬ 
nant  SC  tumors29  and  constitutive  NRGl:ErbB  signaling 
contributes  to  cell  proliferation  in  malignant  SC  tu¬ 
mors.30’31  Thus,  NRGl:ErbB2  signaling  offers  a  potential 
therapeutic  target  for  VS  intervention.27 

Effects  of  irradiation  on  vestibular  schwanno¬ 
mas .  In  an  effort  to  avoid  surgical  complications,  SRS/ 
FSR  are  increasingly  used  in  the  management  of  VSs. 
SRS/FSR  typically  do  not  result  in  complete  VS  regres¬ 
sion;  rather,  in  most  cases,  they  result  in  partial  tumor 
reduction  or  prevent  further  growth.32’33  With  the  recent 
rise  in  the  number  of  VSs  treated  with  SRS/FSR  and  with 
longer  periods  of  follow-up,  an  increasing  number  of  treat¬ 
ment  failures  are  being  reported34  and  tumors  from  NF2 
patients  may  be  particularly  radioresistant.35-37  The  lack 
of  complete  tumor  regression  in  most  VSs  and  the  contin¬ 
ued  growth  of  selected  VSs  following  SRS/FSR  highlight 
the  fact  that  compared  with  many  neoplastic  conditions, 
VSs  are  relatively  resistant  to  IR.  Despite  the  dramatic 
rise  in  the  number  of  VSs  treated  with  SRS/FSR  recently,5 
the  effects  of  IR  on  VS  cells  themselves  remain  largely 
unknown.  Further,  there  are  no  known  reagents  that 
modify  the  response  of  VS  cells  to  IR. 

Constitutive  ErbB2  activity  in  VS  cells  raises  the 
possibility  of  using  ErbB2  inhibitors  in  the  management 
of  VSs,  especially  those  in  patients  with  NF2,  which  are 


less  amenable  to  microsurgical  resection  or  SRS/FSR.35-37 
In  addition  to  VSs,  ErbB2  contributes  to  the  growth  of 
several  other  neoplastic  conditions,  most  notably,  breast 
carcinoma  where  up  to  30%  overexpress  ErbB2.38  In  these 
cells,  ErbB2  signaling  appears  to  confer  a  radioprotective 
effect,  and  concurrent  treatment  with  ErbB2  inhibitors 
increases  the  radiosensitivity  of  the  tumor  cells.39’40  VSs 
that  grow  after  SRS  demonstrate  persistent  ErbB2  acti¬ 
vation,26  suggesting  that  ErbB2  activity  may  contribute  to 
their  radioresistance.  Alternatively,  since  dividing  cells 
are  most  sensitive  to  IR,  ErbB2  signaling  could  increase 
VS  cell  radiosensitivity  by  promoting  proliferation. 

This  study  sought  to  determine  the  extent  to  which 
ErbB2  signaling  modulates  the  response  of  cultured  VS 
cells  to  IR.  The  data  show  that  inhibition  of  ErbB2,  which 
decreases  VS  cell  proliferation,  reduces  radiation-induced 
VS  cell  apoptosis.  By  contrast,  the  ErbB2  ligand,  NRG-1, 
a  VS  cell  mitogen,  enhances  VS  cell  radiosensitivity. 
These  results  demonstrate  that  the  response  of  VS  cells  to 
IR  depends  on  their  proliferation  rate,  which  is  regulated 
by  ErbB2  signaling,  and  have  important  implications  for 
current  and  future  VS  management  strategies. 

METHODS 

Vestibular  Schwannoma  Cultures 

All  patients  provided  written  consent  and  the  procedures  for 
obtaining  VS  samples  were  approved  by  the  Institutional  Review 
Board.  Primary  VS  cultures  were  prepared  as  has  been  previ¬ 
ously  described.27  Briefly,  acutely  resected  tumors  were  minced 
into  ~1  mm3  fragments,  treated  with  0.25%  trypsin  and  0.1% 
collagenase  for  30  to  40  minutes  at  37°C,  and  dissociated  by 
tituration  through  narrow  bore-glass  pipets.  Cell  suspensions 
were  plated  on  four-well  plastic  culture  slides  (Nalge  Nunc  Inter¬ 
national,  Rochester,  NY)  coated  with  poly-ornithine  followed  by 
laminin  (20  pg/mL)  in  Dulbecco’s  modified  Eagle’s  medium 
(DMEM)  with  N2  supplements  (Sigma,  St.  Louis,  MO),  bovine 
insulin  (Sigma,  10  jug/mL)  and  10%  fetal  calf  serum  (FCS).  The 
medium  was  exchanged  1  to  2  days  later  and  the  cells  were 
subsequently  maintained  in  serum-free  conditions  until  used  for 
experiments,  typically  after  7  to  10  days.  Cultures  were  main¬ 
tained  in  a  humidified  incubator  with  6.0%  C02  at  37°C.  Trastu- 
zumab  (Herceptin,  HCN  10  pg/mL),  PD158780  (Calbiochem,  San 
Diego,  CA,  20  pmol/L),  or  neuregulin  1/3  (LabVision,  Fremont, 
CA,  3  nM)  was  added  to  the  indicated  cultures  24  hours  prior  to 
irradiation  and  maintained  throughout  the  duration  of  the  exper¬ 
iment.  A  total  of  10  VS  cultures,  each  derived  from  separate 
patients,  were  used  in  these  studies. 

Immunocytochemistry 

Following  fixation  with  4%  paraformaldehyde,  the  cultures 
were  washed  in  phosphate  buffered  saline  (PBS)  and  permeabil- 
ized  with  0.8%  Triton-XlOO  in  PBS  for  15  minutes.  Nonspecific 
antibody  binding  was  blocked  with  5%  goat  serum,  2%  bovine 
serum  albumin  (BSA),  in  phosphate  buffered  saline  (PBS)  with 
0.8%  Triton  -X100.  The  cultures  were  then  treated  with  primary 
antibodies  overnight  at  4C  and  then  rinsed  three  times  in  PBS 
with  0.8%  Triton  -X100.  The  following  primary  antibodies  were 
used  in  various  combinations:  Rabbit  polyclonal  antiS  100  anti¬ 
body  (Sigma,  1:800),  monoclonal  antiBrdU  antibody  (University 
of  Iowa  Hybridoma  Bank,  Iowa  City,  IA,  clone  G3G4,  1:1,000), 
and  monoclonal  antiphosphorylated  Ser139  histone  H2AX  (Up¬ 
state  Cell  Signaling  Solutions,  Charlottesville,  VA,  1:500).  Sec¬ 
ondary  detection  of  primary  antibody  labeling  was  accomplished 
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using  goat,  antirabbit,  and  antimouse  secondary  antibodies  con¬ 
jugated  to  Alexa  488  or  Alexa  568  (Invitrogen,  Carlsbad,  CA, 
1:1,000).  Following  immunostaining,  nuclei  were  stained  with 
Hoescht  3342  (Sigma,  10  jug/mL)  in  PBS  for  10  minutes  at  room 
temperature.  Immunostaining  was  detected  using  an  inverted 
Leica  DMRIII  microscope  (Leica  Microsystems,  Bannockburn,  IL) 
equipped  with  epifluorescence  filters,  and  digital  images  were 
captured  with  a  charge-coupled  device  Leica  DFC  350FX  camera 
(Leica  Microsystems)  using  Leica  FW4000  software.  Images  were 
analyzed  in  Image  J  (NIH,  Bethesda.  MD)  and  prepared  for 
publication  using  Adobe  PhotoShop  (Adobe,  San  Jose,  CA). 

Determination  of  Vestibular  Schwannoma 
Cell  Proliferation 

VS  cultures  were  labeled  with  BrdU  (Sigma,  St.  Louis,  MO, 
10  jutg/mL)  for  48  hours  prior  to  fixation.  Fixed  cultures  were 
treated  with  2N  HC1  for  15  minutes  prior  to  immunostaining  and 
BrdU  uptake  was  detected  by  immunostaining  as  above.  The 
percent  of  BrdU  positive  VS  cells  (S100  positive)  nuclei  was 
determined  by  counting  10  randomly  selected  fields  for  each 
condition.  Only  S100  positive  cells  were  scored.  The  average 
number  of  cells  per  field  was  103.04  ±  4.23  (standard  deviation). 
Since  there  is  variability  in  the  proliferation  rate  of  individual 
tumors,  the  percent  BrdU  uptake  was  expressed  as  a  percent  of 
the  control  condition  defined  as  100%.  The  average  percent  of 
BrdU  positive  VS  cells  in  the  control  condition  was  13.17%  ±  3.22 
standard  error  of  the  mean  (SEM).  Each  condition  was  repeated 
on  at  least  three  VS  cultures  derived  from  separate  patients. 

Determination  of  Vestibular  Schwannoma 
Cell  Apoptosis 

Following  fixation  and  immunostaining  with  antiS  100,  ap- 
optotic  cells  were  detected  by  terminal  deoxynucleotidyl  trans¬ 
ferase  dUTP  nick  end  labeling  (TUNEL)  using  the  In  Situ  Cell 
Death  Detection  Kit,  TMR  red  kit  (Roche  Diagnostics,  Indianap¬ 
olis,  IN)  according  to  the  manufacturer’s  instructions.  Nuclei 
were  labeled  with  Hoescht  3342  as  above.  The  percent  of  apopto- 
tic  VS  cell  (S100  positive)  nuclei  was  determined  by  counting  10 
randomly  selected  fields  for  each  condition.  Criteria  for  scoring 
were  a  TUNEL-positive  nucleus  with  typical  condensed  morphol¬ 
ogy  in  an  S100  positive  cell.  The  percent  of  apoptotic  VS  cells  was 
expressed  as  a  percent  of  the  control  condition  defined  as  100%. 
The  average  percent  of  apoptotic  VS  cells  in  the  control  condition 
was  4.65%  ±  0.80  (SEM).  Each  condition  was  repeated  on  3  or 
more  VS  cultures  derived  from  separate  patients. 

Irradiation  of  Vestibular  Schwannoma  Cultures 

Primary  VS  cultures  were  irradiated  by  using  a  cesium- 137 
gamma  radiation  source  set  at  dose  rate  of  0.84  Gy/minute.  Con¬ 
trol  cultures,  receiving  sham  IR,  were  treated  in  an  identical 
manner  but  were  not  exposed  to  radiation. 

Statistical  Analyses 

Evaluation  for  statistical  differences  in  mean  percent  apo¬ 
ptotic  and  percent  BrdU-positive  VS  cells  among  the  various 
conditions  was  performed  by  analysis  of  variance  (ANOVA)  with 
post  hoc  Hidak-Solm  analysis  using  SigmaStat  software  (Systat 
Software,  Richmond,  CA).  For  evaluation  of  differences  of  the  mean 
percent  apoptotic  VS  cells  in  30  Gy  versus  30  Gy  positiveNRGl,  the 
Student  t  test  was  used. 

RESULTS 

Single  Doses  of  y-Irradiation  of  30  Gy  or  Greater 
Result  in  VS  Cell  Apoptosis 

The  objective  of  this  study  was  to  determine  the  ef¬ 
fects  of  ErbB2  signaling  on  the  response  of  VS  cells  to  IR. 


Despite  the  widespread  use  of  SRS/FSR  to  treat  VSs,  the 
effects  of  IR  on  VS  cells  are  not  well  characterized.  Thus, 
investigation  of  the  effects  of  ErbB2  signaling  on  VS  radi¬ 
osensitivity  first  required  definition  of  the  response  of  VS 
cells  to  IR.  Primary  VS  cultures  derived  from  acutely 
resected  tumors  were  used  for  these  purposes.  These  cul¬ 
tures  contain  over  98%  schwannoma  cells  as  determined 
by  S100  immunoreactivity  (Figs.  1,  2,  and  3).  Since  the 
dose  response  of  VS  cells  to  IR  has  not  been  well  defined, 
we  evaluated  the  response  of  cultures  derived  from  eight 
separate  VSs  treated  with  escalating  doses  (15-40  Gy)  of 
7-irradiation  from  a  137Cs  7-irradiation  source.  Control 
cultures  received  sham  IR.  The  clonogenic  assay  remains 
the  gold  standard  assay  for  radiation-induced  cell  death.41 


A 


B 


Sham  IR  15  Gy  20  Gy  30  Gy  40  Gy 


Fig.  1.  Vestibular  schwannoma  (VS)  cell  apoptosis  is  induced  by 
7-irradiation  (IR).  Primary  VS  cultures  were  irradiated  with  15-40  Gy. 
Control  cultures  received  sham  IR.  Seven  days  later,  the  cultures 
were  fixed,  immunolabeled  with  antiSlOO  antibodies  followed  by 
Alexa  488  secondary  antibody  (green)  and  labeled  with  terminal 
deoxynucleotidyl  transferase  dUTP  nick  end  labeling  (TUNEL)  using 
TRITC-labeled  dUTP  (red).  Nuclei  were  identified  with  Hoescht  3342 
(blue).  (A  and  B)  Representative  images  from  cultures  receiving 
sham  IR  (A)  or  40  Gy  IR  (B).  Left  panels:  composite  images  of 
TUNEL  (red)  and  Hoescht  (blue)  labeling.  Right  panels:  composite 
images  of  antiSlOO  (green),  TUNEL,  and  Hoescht  labeling.  Arrows 
indicate  TUNEL  positive  nuclei  determined  by  overlap  of  red  and 
blue  channels.  Scale  bar  =  100  gm.  (C)  Quantification  of  percent 
TUNEL-positive  VS  cells.  The  percent  of  TUNEL-positive  VS  cells  in 
each  condition  was  determined  from  10  randomly  selected  fields 
and  is  expressed  as  a  percent  relative  to  cultures  receiving  sham  IR, 
defined  as  100%.  Each  condition  was  performed  on  at  least  three 
tumors  derived  from  separate  patients.  Error  bars  present  standard 
error  of  the  mean  (SEM).  P  values  indicate  significant  differences  by 
analysis  of  variance  (ANOVA)  with  post  hoc  Hidak-Solm  analysis. 
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Fig.  2.  Ten  Gy  y-irradiation  (IR)  in¬ 
duces  histone  2A  phosphorylation 
(y-H2AX)  in  vestibular  schwannoma 
(VS)  cells.  Primary  VS  cultures  re¬ 
ceived  sham  IR  (A)  or  10  Gy  IR  and 
were  fixed  30  minutes  (B),  12  hours 
(C),  or  5  days  (D)  later.  The  cultures 
were  immunolabeled  with  a  monoclo¬ 
nal  antibody  that  recognizes  y-H2AX 
followed  by  an  Alexa  488  secondary 
antibody  (green)  and  antiSlOO  anti¬ 
body  followed  by  Alexa  568  second¬ 
ary  antibody  (red).  Nuclei  were  identi¬ 
fied  with  Hoescht  staining.  Scale 
bar  =  20  jam. 


However,  VS  cells  are  not  transformed  and  do  not  form 
clones,  making  this  assay  impossible.  Therefore,  we  used 
apoptosis  as  a  marker  for  radiation-induced  cell  death.41 
Irradiation  also  induces  necrotic  cell  death;  however, 
since  ErbB2  signaling  regulates  apoptosis  in  Schwann 
cells,42  we  focused  on  defining  the  apoptotic  response  of 
VS  cells  to  IR. 

Seven  days  following  IR,  the  cultures  were  fixed  and 
immunostained  with  antiSlOO  antibodies  followed  by  an 
Alexa  488  (green)  conjugated  secondary  antibody  to  spe¬ 
cifically  identify  VS  cells.  The  cells  were  then  labeled  with 
terminal  deoxynucleotidyl  transferase  dUTP  nick  end  la¬ 
beling  (TUNEL).  TUNEL  identifies  apoptotic  cells  in  situ 
by  using  terminal  deoxynucleotidyl  transferase  (TdT)  to 
transfer  TRITC  labeled  dUTP  (red)  to  strand  breaks  of 
cleaved  deoxyribonucleic  acid  (DNA)  (Fig.  1).  Nuclei  were 
identified  with  Hoescht  3342  (blue)  labeling.  The  percent 
TUNEL  positive  VS  cell  (S100  positive)  nuclei  was  deter¬ 
mined  from  10  randomly  selected  fields  for  each  well.  All 
TUNEL-positive  nuclei  were  condensed,  typical  of  apo¬ 
ptotic  cell  death.  Thirty  Gy  and  40  Gy  resulted  in  a 
nearly  threefold  increase  in  VS  cell  apoptosis  com¬ 
pared  with  cultures  receiving  sham  IR  (277%  ±  30  and 
282%  ±  77,  respectively,  mean  ±  SEM),  which  was 
statistically  significant  ( P  <  .05),  while  the  percent  of 
apoptotic  VS  cells  in  cultures  treated  with  20  Gy  or  less 
was  not  significantly  different  from  those  in  cultures 
receiving  sham  IR  (Fig.  1).  These  results  suggest  that, 
compared  with  most  malignant  cells,  VS  cells  are  rela¬ 
tively  resistant  to  IR. 

Two  possible  explanations  for  the  relative  radioresis¬ 
tance  of  VS  cells  are  that  either  higher  doses  of  IR  are 
needed  to  damage  the  VS  cells’  DNA  or  that  the  cells  are 
capable  of  repairing  DNA  damage  prior  to  re-entering  cell 
cycle.41  In  the  latter  case,  cells  that  successfully  repair  the 
damaged  DNA  prior  to  re-entering  cell  cycle  would  be  less 


likely  to  undergo  apoptosis.  To  determine  if  sublethal 
doses  of  IR  are  capable  of  damaging  VS  cell  DNA,  we 
immunostained  cultures  treated  with  10  Gy  IR  with  an 
antibody  that  recognizes  phosphorylated  histone  H2AX 
(y-H2AX).  H2AX  is  phosphorylated  following  double- 
stranded  breaks  in  DNA  and  is  a  sensitive  indicator  of 
radiation-induced  DNA  damage.43  Within  30  minutes  of 
IR,  over  90%  VS  cells  exhibit  robust  y-H2AX  immunore- 
activity  compared  with  cells  receiving  sham  IR  (Fig.  2). 
The  intensity  of  the  y-H2AX  immunoreactivity  declines 
and  becomes  more  punctate,  but  persists  over  the  subse¬ 
quent  5  days  in  over  80%  of  the  VS  cells  (Fig.  2).  These 
results  demonstrate  that  sublethal  doses  of  IR  damage  VS 
cell  DNA  and  suggest  that  VS  cells  are  capable  of  repair¬ 
ing  damaged  DNA  due  to  sublethal  doses  of  IR  prior  to 
re-entering  cell  cycle. 

40  Gy  y-Irradiation  Reduces  Vestibular 
Schwannoma  Cell  Proliferation 

A  main  consequence  of  SRS/FSR  on  VSs  in  vivo  ap¬ 
pears  to  be  a  lack  of  further  tumor  growth.  One  possible 
explanation  for  this  decreased  growth  rate  is  that  IR 
causes  cell  cycle  arrest.  We  therefore  asked  to  what  extent 
IR  induced  cell  cycle  arrest  in  cultured  VS  cells.  Primary 
VS  cultures  were  irradiated  with  escalating  doses  of  IR. 
Five  days  later,  the  cultures  were  treated  with  BrdU  (10 
jixmol/L)  for  a  further  48  hours.  The  cultures  were  then 
fixed  and  immunostained  with  antiBrdU  and  antiSlOO 
antibodies.  Nuclei  were  stained  with  Hoescht  (Sigma- 
Aldrich,  St.  Louis,  MO).  The  percent  of  BrdU  positive 
VS  cell  (S100  positive)  nuclei  was  determined  from  10 
randomly  selected  fields  for  each  well.  A  total  of  seven 
VS  tumors  were  used  in  these  studies. 

As  shown  in  Figure  3,  40  Gy  IR  significantly  reduced 
the  percent  of  BrdU  positive  VS  cells  to  68%  ±  15% 
(mean  ±  SEM)  of  cultures  receiving  sham  IR  (P  =  .035), 
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Fig.  3.  Forty  Gy  7-irradiation  (IR)  reduces  vestibular  schwannoma 
(VS)  cell  proliferation.  Primary  VS  cultures  were  irradiated  with 
closes  from  10  to  40  Gy.  Control  cultures  received  sham  IR.  Five 
days  following  irradiation  the  cultures  were  treated  with  BrdU  (10 
/x mol/L)  for  an  additional  48  hours,  fixed,  and  immunolabeled  with 
antiSlOO  antibodies  followed  by  Alexa  488  secondary  antibody 
(green)  and  antiBrdU  monoclonal  antibody  followed  by  an  Alexa  568 
secondary  antibody  (red).  Nuclei  were  identified  with  Hoescht  3342 
(blue).  (A  and  B)  Representative  images  from  cultures  receiving 
sham  IR  (A)  or  40  Gy  IR  (B).  Left  panels:  composite  images  of  BrdU 
(red)  and  Hoescht  (blue)  labeling.  Right  panels:  composite  images  of 
antiSlOO  (green),  BrdU,  and  Hoescht  labeling.  Arrows  indicate  BrdU 
positive  nuclei  determined  by  overlap  of  red  and  blue  channels. 
Scale  bar  =  100  pirn.  (C)  Quantification  of  percent  BrdU  positive  VS 
cells.  The  percent  BrdU  positive  VS  cells  in  each  condition  was 
determined  from  10  randomly  selected  fields  and  is  expressed  as  a 
percent  relative  to  cultures  receiving  sham  IR,  defined  as  100%. 
Each  condition  was  performed  on  a  minimum  of  five  tumors  derived 
from  separate  patients.  Error  bars  present  standard  error  of  the 
mean  (SEM).  P  value  indicates  significant  difference  by  analysis  of 
variance  (ANOVA)  with  post  hoc  Hidak-Solm  analysis. 


while  lower  doses  did  not  significantly  reduce  VS  cell 
proliferation.  Thus,  40  Gy  IR  reduces  VS  cell  proliferation 
in  vitro. 

ErbB2  Inhibitors  Reduce  Vestibular 
Schwannoma  Cell  Proliferation  and 
Protect  Vestibular  Schwannoma  Cells 
From  Irradiation-Induced  Apoptosis 

Compared  with  many  malignancies,  VSs  are  rela¬ 
tively  resistant  to  IR.44’45  One  explanation  for  the  rela¬ 
tive  radioresistance  of  VS  cells  is  their  low  proliferation 
rate.  Another  possible  contributing  factor  is  constitutive 
activation  of  protective  signaling  pathways  such  as 


those  recruited  by  ErbB2.26’27’40’46  Conversely,  by  in¬ 
creasing  proliferation,  ErbB2  activity  could  enhance  the 
response  of  VS  cells  to  IR.  Therefore,  we  asked  to  what 
extent  ErbB2  signaling  modulated  the  response  of  VS 
cells  to  IR. 

To  inhibit  ErbB2  signaling  we  used  two  separate 
molecules:  1)  trastuzumab  (Herceptin,  HCN,  a  humanized 
antiErbB2  monoclonal  antibody  used  to  treat  breast  car¬ 
cinomas  that  overexpress  ErbB2,  and  2)  PD  158780,  a 
small  molecule  ErbB2  inhibitor.  Both  molecules  inhibit 
ErbB2  signaling  in  cultured  VS  cells.27  To  determine  if 
ErbB2  activity  modulated  VS  radiosensitivity,  VS  cul¬ 
tures  were  treated  with  trastuzumab  (100  pig/mL)  or 
PD158780  (20  pi mol/L)  24  hours  prior  to  receiving  30  or  40 
Gy  of  IR.  We  have  previously  shown  that  these  doses 
effectively  reduce  VS  cell  proliferation  and  inhibit  SC  pro¬ 
liferation  in  response  to  neuregulin-1  (NRG-1),  an  ErbB2 
ligand  and  SC  mitogen.  For  cultures  used  in  proliferation 
assays,  BrdU  was  added  for  the  final  48  hours  in  culture. 
Seven  days  following  IR,  the  cultures  were  fixed  and  the 
percent  of  apoptotic  and  proliferating  VS  cells  was  deter¬ 
mined  as  before.  As  previously  shown,27  trastuzumab  (100 
pig/mL)  and  PD  158780  (20  pimol/L)  each  significantly  re¬ 
duced  VS  proliferation  ( P  <  .05)  in  cultures  receiving 
sham  IR  (Fig.  4).  Neither  inhibitor  caused  a  significant 
further  reduction  in  cell  proliferation  in  cultures  treated 
with  30  Gy  or  40  Gy  ( P  >  .05),  indicating  a  lack  of  additive 
benefit  of  ErbB2  inhibition  with  higher  doses  of  IR  in 
reducing  cell  proliferation. 

With  regards  to  modifying  the  apoptotic  response, 
PD  158780,  but  not  trastuzumab,  significantly  increased 
VS  cell  apoptosis  ( P  =  .033)  in  cultures  receiving  sham 
IR  (Fig.  5).  There  was  no  additional  apoptosis  when 
PD  158780  was  combined  with  30  Gy  or  40  Gy  IR.  Trastu¬ 
zumab  significantly  reduced  the  percent  of  apoptotic  VS 
cells  in  response  to  30  Gy  and  40  Gy  (P  <  .05),  indicating 


Fig.  4.  Combination  of  irradiation  (IR)  with  ErbB2  inhibitors  provides 
no  further  decrease  in  vestibular  schwannoma  (VS)  cell  proliferation. 
Primary  VS  cultures  were  irradiated  as  above  in  the  presence  or 
absence  (control,  CON)  of  trastuzumab  (Herceptin,  HCN  100  pig/ 
mL)  or  PD1 58780  (PD,  20  pimol/L).  Control  cultures  received  sham 
IR.  BrdU  uptake  was  determined  as  above.  P  values  indicate  sig¬ 
nificant  differences  by  analysis  of  variance  (ANOVA)  with  post  hoc 
Hidak-Solm  analysis.  *Data  also  presented  in  Figure  4. 
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Fig.  5.  ErbB2  inhibitors  protect  vestibular  schwannoma  (VS)  cells 
from  radiation-induced  apoptosis.  Primary  VS  cultures  were  irradi¬ 
ated  as  above  in  the  presence  or  absence  (control,  CON)  of  trastu- 
zumab  (Herceptin,  HCN  100  pig/mL)  or  PD1 58780  (PD,  20  pumol/L). 
Control  cultures  received  sham  IR.  Apoptosis  was  determined  as 
above  with  terminal  deoxynucleotidyl  transferase  dUTP  nick  end 
labeling  (TUNEL).  P  values  indicate  significant  differences  by  anal¬ 
ysis  of  variance  (ANOVA)  with  post  hoc  Hidak-Solm  analysis.  *Data 
also  presented  in  Figure  2. 
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Fig.  6.  Neuregulin-1  (NRG1)  increases  radiation-induced  vestibular 
schwannoma  (VS)  cell  apoptosis.  Primary  VS  cultures  were  irradi¬ 
ated  with  30  Gy  as  above  in  the  presence  or  absence  NRG1  (3  nM) 
and  the  percent  of  apoptotic  VS  cells  was  determined  as  before  with 
terminal  deoxynucleotidyl  transferase  dUTP  nick  end  labeling 
(TUNEL).  NRG1  significantly  increased  the  percent  of  VS  apoptotic 
cells  (P  =  .029)  by  Student  t  test. 


a  cytoprotective  effect  of  the  ErbB2  inhibitor  (Fig.  5)  and 
suggesting  that  constitutive  ErbB2  signaling  does  not  sig¬ 
nificantly  contribute  to  the  relative  radioresistance  of  VS 
cells. 

Vestibular  Schwannoma  Cell  Radiosensivity 
Depends  on  Proliferation  Rate 

ErbB2  inhibitors  decrease  VS  cell  proliferation27 
(Fig.  4)  and  trastuzumab  decreases  VS  cells’  sensitivity  to 
radiation-induced  apoptosis  (Fig.  5),  suggesting  that  the 
apoptotic  response  of  VS  cells  to  IR  depends  on  their 
proliferation  status.  To  further  test  this  possibility,  we 
treated  VS  cultures  with  the  ErbB2  ligand,  NRG-1  (3  nM), 
a  SC  mitogen  that  we  have  previously  shown  to  promote 
VS  cell  proliferation.27  NRG-1  significantly  increased  the 
percent  of  apoptotic  VS  cells  following  30  Gy  IR  (Fig.  6) 
(P  =  .029,  Student  t  test)  indicating  that  increased  ErbB2 
signaling  enhances  VS  cell  sensitivity  to  IR,  likely  by 
promoting  mitosis.  Taken  together  these  results  imply 
that  the  apoptotic  response  of  VS  cells  to  IR  depends  on 
their  proliferative  capacity.  ErbB2  activation  by  exoge¬ 
nous  NRG-1  promotes  proliferation  and  radiation-induced 
apoptosis,  while  ErbB2  inhibition  reduces  proliferation 
and  radiation-induced  apoptosis. 

DISCUSSION 

Effects  of  Irradiation  on  Vestibular 
Schwannoma  Cells 

An  increasing  number  of  VSs  are  being  treated  with 
SRS/FSR;5  however,  the  effects  of  IR  on  the  VS  cells  them¬ 
selves  are  not  well  understood.  Here  we  evaluated  the 
apoptotic  and  proliferative  response  of  cultured  primary 
VS  cells  to  increasing  doses  of  IR.  Our  data  demonstrate 
that  compared  to  most  neoplastic  conditions,  VS  cells  in 
vitro  are  relatively  radioresistant,  requiring  over  20Gy  IR 


(e.g.,  30-40  Gy)  to  induce  apoptosis  and  cell  cycle  arrest. 
Further,  in  doses  up  to  40  Gy,  the  reduction  in  prolifera¬ 
tion  is  less  than  that  seen  with  ErbB2  inhibition.  These 
findings  correlate  well  with  those  of  Anniko,45  who  also 
noted  that  cultured  VS  cells  respond  only  to  high  doses  of 
IR.  While  it  is  difficult  to  extrapolate  dose  response  rela¬ 
tions  from  cultured  cells  to  those  for  VSs  in  patients,  these 
data  are  consistent  with  a  lack  of  complete  tumor  regres¬ 
sion  in  many  VSs  using  current  SRS/FSR  protocols,  and 
raise  the  possibility  that  the  response  of  VSs  to  SRS/FSR 
may  not  be  due  to  direct  cytotoxic  effects  on  the  VS  cells. 
Rather,  the  central  necrosis  seen  on  magnetic  resonance 
imaging  in  some  cases,  and  the  reduced  tumor  growth  in 
many  cases  may  reflect  indirect  effects,  for  example,  by 
decreasing  tumor  vascularity.  Lee  et  al.47  found  viable, 
typical  schwannoma  cells  in  four  VSs  resected  for  growth 
following  SRS  and  noted  increased  fibrosis  of  the  tumor 
bed  and  surrounding  tissues.  In  a  separate  study,  the 
proliferation  rate  of  6  VSs  resected  for  continued  growth 
following  SRS  was  less  than  the  proliferation  rate  in  15 
VSs  resected  for  growth  following  incomplete  microsurgi- 
cal  resection.48  However,  two  irradiated  VSs  in  that  study 
showed  markedly  increased  proliferation.48  Thus,  the  ef¬ 
fect  of  SRS/FSR  on  VS  cell  proliferation  in  vivo  at  the 
doses  currently  used  clinically,  whether  direct  or  indirect, 
remains  to  be  defined. 

The  relative  radioresistance  of  VS  cells  to  IR  likely 
reflects  their  low  proliferative  capacity  rather  than  an 
increased  resistance  to  DNA  damage.41  We  find  that  sub- 
lethal  doses  of  IR  rapidly  induce  double-stranded  DNA 
breaks,  evidenced  by  H2AX  phosphorylation,  in  over  90% 
of  VS  cells.  The  potential  for  additional  radiation-induced 
genetic  aberrations  leading  to  malignant  transformation 
or  secondary  neoplasia  highlights  the  need  for  long-term 
follow-up  of  patients  managed  with  SRS/FSR.  In  some 
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cases,  late  growth  correlated  with  malignant  transfor¬ 
mation.8’49  Radiation-induced  DNA  damage  holds  par¬ 
ticular  implications  for  management  of  patients  with 
NF2  who  harbor  germline  merlin  defects  and  are  prone 
to  radiation-induced  additional  genetic  aberrations8’50 
and  neoplasia.7’51 

Modern  treatment  strategies  of  unilateral,  sporadic 
VSs  employing  microsurgery  or  SRS/FSR  are  highly  effec¬ 
tive  with  limited  morbidity.  By  contrast,  schwannomas  in 
patients  with  NF-2  present  significant  treatment  chal¬ 
lenges.  They  are  less  responsive  to  radiotherapy,  more 
likely  to  recur  following  surgical  removal,  and  carry 
higher  morbidity  with  treatment.35-37  Further,  in  NF2 
patients  with  multiple,  large  schwannomas,  surgical  and 
SRS/FSR  options  become  limited.  Development  of  alterna¬ 
tive  therapies  that  improve  or  replace  microsurgery  or 
SRS/FSR  would  greatly  benefit  these  patients. 

One  strategy  to  increase  tumor  responsiveness  to  IR 
is  to  provide  radiosensitizing  agents.  Since  most  do  not 
specifically  target  tumor  cells,  they  have  the  disadvantage 
of  also  increasing  the  radiation-induced  damage  to  non¬ 
tumor  cells,  raising  the  likelihood  of  side  effects.  An  alter¬ 
native  strategy  is  to  use  reagents  that  specifically  target 
tumor  growth  in  combination  with  IR  in  an  effort  to 
achieve  an  additive  response.  Here  we  evaluated  ErbB2 
signaling,  which  provides  a  radioprotective  effect  for  some 
carcinomas40’46  as  one  potential  target  to  enhance  VS  cell 
radiosensitivity. 

Effect  of  ErbB2  Inhibitors  on  Vestibular 
Schwannomas  Cells 

Previous  work  has  shown  that  ErbB2  is  constitu- 
tively  active  in  VS  cells  and  that  this  contributes  to  their 
proliferative  response,27  and  the  data  here  confirm  these 
findings  since  both  trastuzumab  and  PD  158780  reduced 
VS  cell  proliferation  in  these  cultures.  Several  mecha¬ 
nisms  possibly  contribute  to  this  constitutive  ErbB2  sig¬ 
naling,  including  increased  receptor  expression,  increased 
receptor  trafficking  to  the  cell  membrane,17  and  autocrine 
NRG-1  ligand  expression.27 

In  addition  to  promoting  SC  and  VS  cell  proliferation, 
ErbB2  signaling  promotes  SC  survival.  We  find  that  at  the 
doses  used  in  this  study,  PD  158780,  a  pharmacologic 
ErbB2  inhibitor,  induces  VS  cell  apoptosis,  but  trastu¬ 
zumab,  a  humanized  ErbB2  inhibitory  monoclonal  anti¬ 
body,  did  not.  This  difference  may  reflect  more  effective 
ErbB2  inhibition  by  PD  158780  or  non-specific  effects  of 
the  pharmacologic  compound  such  as  inhibition  of  other 
tyrosine  kinases  (e.g.,  EGF  receptor)  required  for  VS  cell 
survival.  Thus,  the  role  of  ErbB2  signaling  in  VS  cell 
survival  will  require  further  investigation  with  additional 
specific  ErbB2  inhibitors. 

Response  of  Vestibular  Schwannomas  Cells  to 
y-Irradiation  Depends  on  Proliferation  Status 

Two  observations  from  these  studies  demonstrate 
that  the  sensitivity  of  VS  cells  to  IR  depends  on  their 
proliferation  rate.  First,  trastuzumab,  which  reduces  VS 
cell  proliferation,  decreases  the  percent  of  apoptotic  VS 
cells  following  lethal  doses  of  IR.  Second,  NRG-1,  a  potent 
SC  and  VS  cell  mitogen,27  increases  the  apoptotic  re¬ 


sponse  to  IR.  In  so  far  as  these  in  vitro  data  can  be 
extrapolated  to  the  response  of  VSs  in  patients,  they  sug¬ 
gest  that  SRS/FSR  would  be  more  likely  to  induce  apopto¬ 
sis  in  growing  VSs  compared  with  static  tumors.  Further, 
concurrent  treatment  with  ErbB2  inhibitors  and  SRS/FSR 
may  reduce,  rather  than  augment,  the  apoptotic  response. 

Despite  our  observation  that  the  sensitivity  of  VS 
cells  to  IR  depends  on  their  proliferation  rate,  several 
reports  indicate  that  VSs  in  patients  with  NF2,  which 
presumably  have  an  increased  proliferative  capacity,  are 
more  likely  to  grow  following  SRS/FSR  than  sporadic 
VSs.35-37  Whether  this  reflects  an  underlying  greater  ra¬ 
dioresistance  of  VSs  from  NF2  patients  compared  with 
sporadic  VSs  or  is  simply  due  to  the  greater  growth  po¬ 
tential  of  the  remaining  viable  tumor  cells  requires  fur¬ 
ther  investigation. 

CONCLUSIONS 

With  the  rapidly  increasing  use  of  SRS/FSR  to  treat 
VSs,  the  effects  of  IR  on  VS  cells  require  definition.  We 
show  that  IR  induces  cultured  VS  cell  apoptosis  and  cell 
cycle  arrest  in  doses  exceeding  20  Gy.  Increasing  VS  cell 
proliferation  with  the  ErbB2  ligand  NRG1  enhances  the 
apoptotic  effect,  while  ErbB2  inhibitors,  which  reduce  pro¬ 
liferation,  protect  VS  cells  from  radiation-induced  apopto¬ 
sis.  The  relative  radioresistance  of  VS  cells  likely  reflects 
their  low  proliferative  capacity  and  raises  the  possibility 
that  the  effects  of  SRS/FSR  on  VSs  are  predominantly 
indirect. 
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